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SUMMARY
Excitatory amino acid (EAA) receptor (EAAR) proteins purified
from Xenopus central nervous system using a domoate affinity
column and then separated into fractions using sucrose density
gradient centrifugation were reconstituted, first into liposomes

and then into planar lipid bilayers, using pipette-dipping and black
lipid membrane techniques. Although the protein was eluted

from the column with either a-amino-3-hydroxy-5-methyl-4-isox-

azolepropionate (AMPA) or kainate and could not be eluted with
N-methyl-D-aspartate (NMDA), channel openings were obtained
after exposure of the bilayers to kainate, AMPA, or NMDA
(usually only in the presence of glycine). In bilayers exhibiting a

single open channel conductance level this was -6 pS with
AMPA, -9 pS with kainate, and ‘-50 p5 with NMDA. However,
with a few batches of protein unitary channel openings of up to
400 p5 were observed, suggesting that reconstituted EAAR may
sometimes form functional aggregates. The protein eluted from
the domoate column was divided into two fractions on a sucrose
density gradient. After reconstitution, one fraction responded to
all three EAAs, whereas the other responded only to the non-
NMDA receptor agonists. An explanation for these results is that
some of the EAAR eluted from the column contain NMDA
receptor subunits in addition to non-NMDA receptor subunits.

L-Glutamate is a major excitatory neurotransmitter in ver-

tebrate CNS, where it activates the EAAR. Pharmacological

studies have identified the existence of two classes of EAAR,

ionotropic and metabotropic. The ionotropic EAAR gate non-

specific, cation-selective, ion channels, whereas the metabo-

tropic receptors function by intracellular signaling through

guanine nucleotide-binding proteins (1). There are three sub-

types of ionotropic EAAR, NMDAR, AMPAR, and KAINR (1,

2). NMDAR are distinguished from non-NMDAR by their

antagonism by phencyclidine and MK-801 (3) and their sensi-

tivity to channel block by Mg24 (4, 5) and Zn2� (6). Responses

of NMDAR are potentiated by glycine (4).

There is substantial electrophysiological and biochemical

evidence to favor the existence, at least in some parts of

vertebrate CNS, of unitary non-NMDAR exhibiting sensitivity

to both AMPA and kainate (7). The cloning of cDNAs coding

for ionotropic EAAR (8, 9) has revealed many different non-

NMDAR subunits (8-15), including a subunit that is insensi-

tive to AMPA (15). Hetero-oligomeric receptors formed from

these subunits have been expressed exogenously and shown to
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exhibit characteristic electrophysiological properties (10, 13,

16), but it remains to be established whether such molecular

diversity exists in viva. In this investigation we report on the

reconstitution into lipid bilayers of two types of functional

EAAR proteins purified from Xenopus CNS (a particularly rich

source of KAINR) (17, 18). Part of this work has been reported

briefly by Henley et al. (19).

Materials and Methods

Solubilization of the Xenopus brain membranes using the detergent

octylglucoside was undertaken as described previously (20), and the

EAAR present were purified by affinity chromatography using immo-

bilized domoic acid (or kainate or AMPA) (19). Domoic acid, an

analogue of kainate, possesses the highest known affinity for KAINR

(21), and >97% ofthe binding sites for both kainate and AMPA present
in the solubilized material were retained by the domoate resin. It was

possible to recover equal yields of kainate and AMPA binding sites, as

well as a set of binding sites typical of NMDAR, by specific elution
from the domoate resin column with either kainate or AMPA.

Two fractions (hereafter called fraction I and fraction II) were
obtained from the purified protein (hereafter called total protein) after

its concentration in an Amicon (PM1O) cell and centrifugation on a 7-

15% sucrose density gradient in 0.8% octylglycoside. Fraction I did not

exhibit any NMDAR pharmacology in binding studies; fraction II
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bilayers surviving nine or 10 transfers.

I I Via: -160 mV
50 ms

D
01

Fig. 1. A-C, Continuous recording of channel activity elicited from a
bilayer containing total protein by 5 x 10� M NMDA (in the presence of
2 x 10_a M glycine) at Vm of -1 50 mV, using the pipette-dipping
technique. On playback, data were sampled at 1 0 kHz (100-�zsec inter-
vals) and low-pass filtered at 3 kHz. Openings are downwards. Various
transitions between the closed state (C) and five open states (01-05) are
apparent (A, C-01, 01-04, O�-O�, 03-05; B, C-01, C-02, 01-04; C, 01-02,
0�-03, 02-04, 02-05, 03-05). D, Current amplitude ((I)) frequency histo-
gram constructed from 120 sec of channel data exemplified in A-C.
Channel data were low-pass filtered at 3 kHz and sampled at 50 kHz
(20-�sec intervals) on playback. The five open channel conductance
levels identified in the histogram give estimated conductance steps of
45.6 p5 (probability p = 0.52) (0�), 48.8 p5 (p = 0.16) (02), 55.6 p5 (p
= 0.06)(03), 50.6 pS (p = 0.06) (04), and 47.9 p5 (p = 0.01) (05).

showed high affinity binding of 13H]kainate, [3H]AMPA, and [3H]

glycine (strychnine insensitive). When the fractions were analyzed

using sodium dodecyl sulfate-polyacrylamide gel electrophoresis, frac-

tion I gave a double band at 42 kDa and fraction II an additional band
at 100 kDa (19). The 42-kDa doublet and the 100-kDa band had a

common immunoreactivity, which supports the contention that the

former was present in both fractions. Additional details of the purifi-

cation, separation, and identification procedures and results were de-

scribed by Henley et al. (19).
The purified proteins (either total, fraction I, or fraction II) were

incorporated into liposomes composed of 9 parts L-a-phosphatidylcho-

line (-17% L-a-asolectin, type uS; Sigma) and 1 part cholesterol (grade

1; Sigma), as described elsewhere (20). They were then suspended in

pipette saline, composed of 100 mM NaCl and 10 mM Tris citrate (pH

7.4), to give a final liposome concentration of 0.025% and a protein

concentration of approximately 1.5 �ig/ml. Electrophysiological studies

were performed by introducing the receptor-containing liposomes into

artificial bilayers of the same asolectin/cholesterol composition as that

described above. Bilayers were formed by the apposition of two mono-

layers at the tip ofpatch pipettes, using the technique of pipette dipping

(22). Patch pipettes were made from hard borosilicate glass capillaries

(GC15O-10; Clark Electromedical Instruments) using a three-pull tech-
nique (DMZ universal puller; Zeitz Instruments, Germany) and had tip

resistances of 5-8 M�1 in saline. The seal resistance of a membrane

bilayer formed by pipette dipping was typically 20 Gil. Protein insertion

into a bilayer was facilitated by using positive pipette potentials ( Vm)

of +180 mV for up to 60 mm (in most cases channel activity was
observed within a few minutes after membrane formation), after which

time at least 50% of bilayers responded to one or more of AMPA,

kainate, and NMDA. Bilayers were routinely transferred between dif-

ferent bath solutions using the sleeve technique of Quartararo and
Barry (23). The bath solution contained 100 mM NaC1, 5 mM KC1, 2

mM CaCl2, and 10 mM Tris-citrate (pH adjusted to 7.4 with HC1).

Agonists [kainate, AMPA, NMDA (usually in the presence of glycine)

and domoate], antagonists (CNQX, � Zn2�, APV, and MK-801),
and the plant lectin concanavalin A were dissolved in the bath saline.

Each bilayer was exposed to a single bath or a series of baths

containing one of several different agonists at varying concentrations.
Four kainate and AMPA concentrations within the range of 10� M to

i0-� M, four concentrations of domoate within the range of i0� M to

iO-� M, and 12 concentrations of NMDA within the range of 5 x i0�

M to 5 x i0� M were used. NMDA was usually applied with glycine

(either 10_6 M or 2 X i0�� M). Those bilayers that failed to respond to
the agonists were finally exposed to alamethicin (0.4-10 �zg/ml). This
peptide spontaneously inserts into lipid membranes to produce voltage-

gated ion channels (24). The appearance of well defined alamethicin

channels in a bilayer was taken as a good indicator of its structural

integrity. In this manner, it was possible to assess reliably the success

rate of the reconstitution experiments. Additional experiments were
undertaken using the black lipid membrane technique (25). The results

ofthese studies were qualitatively similar to those obtained with pipette

dipping.
Single-channel data were recorded from the bilayers using a List

EPC-7 patch-clamp amplifier connected to a Sony pulse code modula-

tor PCM-701E5 and standard video recorder. The polarity of all

potentials ( Vm) refers to that of the inside of the pipette in the case of
pipette-dipping studies and the side connected to the headstage of the

amplifier in the case of black lipid membrane studies. After analog to

digital conversion, all data analyses were performed on a Masscomp
MC5500 minicomputer. Current amplitude frequency histograms were

constructed for a variety of membrane potentials by filtering the
channel currents at 1-3 kHz and sampling at 50 kHz on playback.
They were subsequently fitted by sums of Gaussian distributions using

a nonlinear least-squares algorithm (Numerical Algorithm Group sub-

routine EO4FDF). Where bilayers were studied over a range of poten-

tials, peak amplitudes derived from the histograms were plotted against

V,,,; these plots were fitted by linear regression to give estimates of

open channel conductances. Single-channel data were analyzed using
the stringent criteria described in our previous publications (e.g., Ref.

26). Channel data were low-pass filtered at 3 kHz, with sampling at 10
kHz on playback, and a minimum dwell time of 0.1 msec was imposed.

An automated procedure (27, 28) was used to measure single-channel

open and closed times. Single-channel kinetics were characterized
initially in terms of qualitative and quantitative changes in overall

parameters [channel open probability (PJ, event frequency ( f), mean
open time (rn,), and mean closed time (mo] and then in terms of dwell-

time (open and closed) PDFs.

Results

Membrane bilayers. Once formed, bilayers produced by
the pipette-dipping technique were maintained for an average

of 60 mm, with some lasting up to 8 hr. The efficiency of the

sleeve technique (23) as a method of transferring bilayers

between different bath solutions was generally good, with >50%

of patches surviving beyond one transfer. On average, each of

these was taken through three or four transfers, with some
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Fig. 2. Single-channel currents elicited by
iO-� M NMDA (in the presence of 2 x 10_a M

glycine) from a bilayer containing fraction II
protein that gave a unitary conductance
opening. A-C, Continuous recordings of
channel activity at three different Vm values
(A, -200 mV; B, -100 mV; C, -70 mV). Data
were low-pass filtered at 3 kHz and sampled
at 10 kHz (100-�sec intervals) on playback.
Openings are upwards. The bilayers were
formed using the pipette-dipping technique.
Current amplitude ((I)) frequency histograms
constructed from 60 sec of data in A-C are
shown below each set of recordings. The
data for the histograms were low-pass fil-
tered at 3 kHz, with sampling at 50 kHz (20-
�sec intervals). The histograms were fitted
by sums of Gaussian distributions using a
nonlinear least-squares algorithm. The peak
amplitudes give estimated open channel con-
ductance levels of 51 .5 pS (A), 51 pS (B),
and 53 pS (C). 0, distribution of open channel

::� currents: C, distribution of closed channel
5 a currents. D, The peak amplitudes (I) of the

‘.-, open channel current distibutions in A-C are
�-l plotted against Vm. The slope of the linear

regression through the points on this plot is
52 pS.

Fig. 3. A-C, Recordings from bilayers
containing fraction II protein in re-
sponse to 1o5 M NMDA in the ab-
sence (A and B) and presence (C) of
2 x 10_6 M glycine. The usual re-
sponse to NMDA alone is shown in A;
the response in B was seen on only
five occasions in >500 tests. The re-
cordings were made at Vm of -200
mV. Openings are downwards. Data
were low-pass filtered at 3 kHz and
sampled at 1 0 kHz (1 0O-�sec inter-
vals) on playback. The bilayer was
formed using the pipette-dipping tech-
nique. 0103, open channel conduct-
ance levels; C, closed conductance
level. D and E, Current amplitude ((I))
frequency histograms constructed
from 50 sec of data exemplified in B
and C, respectively. Data were low-
pass filtered at 3 kHz, with sampling
at 50 kHz (20-�zsec intervals) on play-
back. The peak of the open channel
current distribution in D gives a con-
ductance of 49 pS. Three open chan-

� � nel conductance levels are present in

1 1 pA E, i.e., 44 pS, 91 pS, and 146 pS.
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TABLE 1
Channel openings gated by NMDA in three bilayers (A-C)
containing total protein
The data in A and B were obtained using the pipette-dipping technique; those in C
were obtained using the black lipid membrane technique. V,,, was - 160 mV (A) or
100 mV (B and C).

[NMDAJ N� m0 m� P0 f

M msec msec sec�’

A.

B.

C.

5 x 10-6
5 x iO�

1O_6
iO-�
iO-�

14,108
8,939
2,510
6,960
6,309

1.95
3.30
3.73
4.32
3.10

26.4
15.7
17.1

6.98
1.56

0.069
0.173
0.179
0.382
0.665

35.3
52.8
47.9
88.5

215

a N., number of events; m0, mean channel open time; m�, mean channel closed
time; P0, channel open probability; f, channel event frequency.

TABLE 2
Effect of Mg2� concentration on channel openings gated by iO� M

NMDA
Data are from bilayers that contained total protein and were prepared using the
pipette-dipping technique. Vm was -180 mV (zero Mg2�) or -200 mV (1O� M

Mg2�).

lM�l N#{149} m0 m� P0 1

M msec msec sec�’

0 5222 2.54 20.4 0.111 43.6
iO� 125 0.96 2163 0.0005 0.46

I N#{149}.number of events; m0, mean channel open time; m�, mean channel closed

time; P0. channel open probability; 1, channel event frequency.

Despite study of>1000 bilayers, channel openings were never

seen when the bath contained saline alone, even when trans-

membrane potential differences of ±200 mV were imposed.

With either kainate, AMPA, domoate, or NMDA, ‘-50% of

bilayers containing total protein exhibited channel openings.

When bilayers responsive to one or more of these agonists were

transferred to a bath containing either -y-amino-n-butyric acid

(n = 6 bilayers), acetylcholine (n = 6), or nicotine (n = 6)

channel openings were not observed, even when the concentra-

tion of these ligands was as high as 10� M. Conversely, many

bilayers that failed to respond to ‘y-aminobutyric acid, acetyl-

choline, or nicotine exhibited channel openings when they were

transferred to a bath containing 10� M concentrations of either

kainate, AMPA, domoate, or NMDA. In general, channel open-
ings were continuously observed in the presence of the EAAs

throughout the lifetime of a bilayer, although in some cases

channel activity suddenly ceased and could not be reinitiated

even when Vm was held at ±200 mV for periods of up to 1 hr.

Bilayers that survived many transfers were usually exposed to

one or more EAAs (kainate, AMPA, and NMDA) and antago-

nists (CNQX, � Zn2�, APV, and MK-801). Some failed to

respond to any of the EAAs, yet when they were exposed to

alamethicin spontaneous channel openings appeared, i.e., in

these cases the absence of EAAR channels was not due to the

poor quality of the bilayers. The lectin concanavalin A (10_ti
M) was applied to some bilayers that failed to respond to any

of the EAAs, to test whether the absence of channel openings

was due to EAAR desensitization. Concanavalin A is a selective

inhibitor of desensitization of EAAR (29, 30). None of the

bilayers treated with this lectin subsequently responded to

EAAs.

Response of protein fractions. About 600 bilayers exposed

to vesicles containing total protein were examined and 65% of

these responded to one or more of either kainate, AMPA, or

NMDA. The remaining 35% failed to respond to any of these

agonists. Of ��-200 membrane bilayers exposed to vesicles con-

�r�uT-rrrv1crr�rnv1�
�- 15Q ms1 Vm: -160 mV

�
�I I

50 ma Vm: -160 mV

Fig. 4. Recordings of channel activity elicited from a bilayer containing
total protein by 5 x 106 M NMDA (A) and 5 x 1O� M NMDA (B), both
plus 2 x 1O_6 M glycine. Recordings were obtained at Vm of -160 mV
using the pipette-dipping technique. Openings are downwards. On play-
back, data were sampled at 10 kHz (1 00-,�sec intervals) and low-pass
filtered at 3 kHz. PDFs for the data exemplified in A and B are shown
below the recordings as log-log plots. +, Observed distributions; -,
fitted PDFs; - - -, individual exponential components of the fits. Histo-
grams of openings were fitted by a three-exponential function. The time
constants for the openings are 1 .98 msec and 12.3 msec with 5 x 106
M NMDA (A) and 1 .91 msec and 1 1 .2 msec with 5 x 10� M NMDA (B).
Histograms of closings were fitted by a four-exponential function. The
time constants for the closings are 0.37 msec, 3.49 msec, 23.9 msec,
and 173 msec for 5 x 10_6 M NMDA (A) and 0.25 msec, 1 .62 msec, 22.6
msec, and 1 19 msec for 5 x i0-� M NMDA (B).

taming fraction I protein, 43% responded to AMPA and kainate

and 57% failed to respond to any agonist; none of these bilayers

responded to NMDA. Attempts made to elicit a response to

NMDA from bilayers containing fraction I protein (the pres-

ence of this protein in the bilayers was known because they

responded to applications of non-NMDA agonists), by raising

either the NMDA concentration (to 10� M or 10_I M) and/or

the glycine concentration (to 10� M), were unsuccessful. Of

-200 membrane bilayers exposed to vesicles containing fraction

II protein, about 85% responded to NMDA, kainate, and

AMPA; the rest failed to respond to any of these agonists.

NMDA-induced single-channel currents. The pharma-

cological responses of either reconstituted total protein or frac-

tion II protein to NMDA and NMDAR antagonists were similar

to those described in previous reports on NMDAR reconsti-

tuted into artificial lipid bilayers (31), NMDAR of cultured

neurons (32), and NMDAR expressed in Xenopus oocytes in-

jected with rat brain mRNA (4).

The majority (-80%) ofrecordings from these bilayers during

NMDA application comprised multiple conductance levels,

each �50 PS (Fig. 1). In 10 bilayers only a single, -50-pS, open
channel conductance level was observed. Representative re-

cordings from these bilayers are illustrated in Fig. 2, A-C, with
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Fig. 5. A-C, Three sets of continuous traces of channel activity recorded
from a bilayer containing total protein that was exposed to 10�6 M NMDA
(in the presence of 2 x iO� M glycine) at -140 mV. Openings are
downwards. In A the channel activity was characterized by rapid open-
closed kinetics with brief openings (m0 = 1 .32 msec) and brief closings
(m� = 3.40 msec). In B and C the open-closed kinetics were much slower,
with long openings (B) (m0 = 19.8 msec) and long closings (C) (m� =

1 1 .2 msec). The bilayer was formed using the pipette-dipping technique.
D and E, Bar plots showing variation in P0 (D) and f (E) as a function of
time for a -30-mm recording of channel activity, in a bilayer containing
total protein, elicited by i0� M NMDA (in the presence of 2 x 106 M

glycine) at Vm of -100 mV. Each bar contains data for 100 sec of
recording. Data in A-E were low-pass filtered at 3 kHz, with sampling at
10 kHz (1 00-Nsec intervals) on playback.

their current amplitude frequency histograms. Here, channel

activity was elicited by 10�� M NMDA for three negative Vm

values. When the peak open state current amplitudes of the

histograms were plotted against Vm and the graph was fitted

by linear regression, the slope of line gave an open channel

conductance of 52 PS (Fig. 2D). Unfortunately, the data in Fig.

2 are rather limited and are restricted to the voltage range of

-200 mV to -70 mV. Attempts to obtain equivalent data at

more positive potentials were unsuccessful, so we do not know

whether this channel rectifies. Howe et al. (33) reported that

the I-V relationships for NMDAR channels of rat cerebellar

granule cell neurons are nonlinear at holding potentials more

negative than -100 mV. The NMDAR channel reconstituted

from Xenopus CNS is seemingly different in this respect. The

reason for this may become apparent when in situ studies of

Xenopus NMDAR have been undertaken and when the struc-

tural properties of the subunits comprising these NMDAR are

defined.

Channel openings were usually not elicited by NMDA in the

absence of glycine (Fig. 3A). However, they were observed in a

few bilayers (n = 5), but only with at least 10� M NMDA (Fig.

3B). The unitary single-channel openings present in the bilayer

recording illustrated in Fig. 3B, which were observed in the

absence of glycine, had a conductance of 49 pS (Fig. 3D). When

this bilayer was exposed to 10� M NMDA and 2 x 10_ti M

glycine, three open channel conductance levels were observed

(Fig. 3, C and E). These were 44 pS, 47 p5, and 55 pS. We did

not undertake a quantitative study of the effects of glycine

concentration, but it seems that this cofactor increases I and

P( �.

Bilayers varied considerably with respect to their responsiv-

ness to NMDA (plus glycine) (Tables 1 and 2). In some (n =

5), typical NMDAR channel openings were elicited by 10� M

NMDA (plus 2 x 10_ti M glycine), whereas in others (n = 6)

10� M NMDA (plus 2 x 10� M glycine) was required to elicit

such activity. We have no explanation for this variability; it

was not reduced when bilayers (n = 20) were pretreated with

concanavalin A. The data contained in Fig. 4 and Table 1A

were obtained from a single bilayer with two concentrations of

NMDA (plus 2 x 10t M glycine), 5 x iO�#{176}M (Fig. 4A) and 5 x

i0-� M (Fig. 4B). P0 and f were increased by about 2.5-fold and

1.5-fold, respectively, and m. was increased by about 1.7-fold

when the concentration was raised 10-fold. Best fits to PDFs

of channel open and closed times for these data required three-

and four-exponential functions, respectively. Data from other

bilayers (n = 6) gave similar results. It is of interest to note

that Howe et al. (33, 34) reported similarly complex fits to

PDFs for channels activated by NMDA in rat cultured neurons.

Some bilayers (n = 25) that responded to NMDA at positive

V,,, values failed to respond at negative Vm values. Also, in most

recordings of activity elicited by NMDA the number of open

channel conductance levels increased as Vm was made more

positive. This may have been due to increases in f and m. (35),

although we do not have quantitative evidence to support this

contention.

In all bilayers (n = 15) from which long term recordings were

obtained, the activity elicited by NMDA was characterized by

marked variations in P0. This was due not only to variations of

f but also to changes in m0 (see the legend to Fig. 5). The

channel activity exemplified in Fig. 5 alternated between brief

openings (m,, = 1.32 msec) and closings (m(. = 3.4 msec) on the

one hand and long openings (m0 = 19.8 msec) and long closings

(m, = 11.2 msec) on the other hand. The marked changes in P,,

and f that characterized this activity (Fig. 5, D and E) are

strikingly reminiscent of those described for an invertebrate

EAAR by Patlak et al. (36).

Low conductance openings gated by NMDA. Fig. 6

shows data obtained from a bilayer containing total protein

that failed to respond to kainate but responded to NMDA. The

response to NMDA comprised openings of =9 p5 in addition

to characteristic openings of �50 PS (Fig. 6A). Openings of =9

PS were observed in response to NMDA in only two bilayers of

a total of =300 that responded to this ligand. The =9-pS events

were often seen superimposed upon =50-pS openings, but re-

cordings from both bilayers were too noisy to enable unequiv-

ocal identification of transitions between the closed state and

a ‘-60-pS conductance level. The -9-pS opening exhibited

complex kinetics, i.e., similar to those of the ‘-SO-pS opening

described in Fig. 5. The addition of Mg2� at 10_I M eliminated

the large conductance event at negative Vm values (not at

positive V,5 values) but did not affect the =9-pS openings (Fig.

6B). Unfortunately, we were unable to test higher concentra-

tions of Mg2� because both bilayers were lost after the first test

with this cation.

NMDAR antagonists. The effects of the classic NMDAR

noncompetitive antagonists Mg2� (as MgC12), Zn2� (as ZnSO4),

and MK-801 (3, 6) and the competitive antagonist APV (37)

on channels gated by NMDA were investigated. The three

noncompetitive antagonists caused dose-dependent decreases
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Fig. 6. Continuous recordings of
channel activity elicited from a bi-
layer containing total protein by i05
M NMDA (in the presence of 2 x
10_6 M glycine) at Vm of -1 00 mV.
The pipette-dipping technique was
used. Channel openings are down-
wards. A, Mg2� was absent; B, the
bath saline contained iO� M Mg2�.
Data were low-pass filtered at 3
kHz, with sampling at 10 kHz (100-
Msec intervals) on playback. Current
amplitude ((I)) frequency histograms
constructed from 60 sec of data are
illustrated below the recordings.
Data were low-pass filtered at 3
kHz, with sampling at 50 kHz (20-
Nsec intervals) on playback. The his-
togram in A identifies two open
channel conductance levels, of 8.5
pS (O�) and 53.5 pS (02). In B only
a single open channel conductance
level (O�) is identified. C, distribution
of closed channel currents in each
case.

in P0 and m5; in the case of Mg2� and MK-801, antagonism was

voltage dependent (3, 4, 38, 39). Zn2� at 10_I M and 5 x 10� M

MK-801 (data not shown) reduced P,, to zero. The concentra-

tion of MK-801 that completely antagonizes NMDA responses

at negative Vm values either in situ or in neuron cultures ranges

from 7.5 x i0�� M to i0� M, depending on the source (3, 40).

The antagonism of NMDAR by i0�� M Mg2� was observed as

characteristic brief interruptions (flickerings) of single-channel

currents, which accounted for the decrease in mo, in addition

to reductions in P. and f (Fig. 7A). Table 2 shows that not only

were P,, and I greatly reduced (by about 250-fold and 100-fold,

respectively) and m� greatly increased (by about 100-fold) by

10� M Mg2�, but m,, was also reduced (from 2.5 msec to 0.96

msec in the example illustrated in Fig. 7A). Flickerings were

only observed at negative Vm values; at positive Vm values the

activity was similar to that observed in the absence of the

antagonist. A slightly higher concentration of Mg2� completely

antagonized NMDA-elicited channel activity at negative Vm

values, but this antagonism could be relieved by making Vm

positive (Fig. 7B). The Mg2� concentrations used to achieve

partial antagonism are similar to those reported for studies of

Mg�� antagonism of NMDAR of mouse neurons (38) and spinal

neurons of rat (39). Notably, the addition of up to 10_2 M Mg�

to bilayers responding to kainate and AMPA failed to block

the channels gated by these EAAs at either negative or positive

Vm values.

APV at 10� M to 5 X 10�#{176}m. reduced P), f, and m,, for

channels gated by 10� M NMDA (Table 3); channel openings

were completely antagonized by 10_F) M APV (Fig. 7C, compare

upper and middle traces). However, if the concentration of

NMDA was then increased to 10� M in the presence of 10� M

APV, the antagonism elicited by APV was relieved (Fig. 7C,

lower trace). The competitive and voltage-independent inter-

action between NMDA and APV distinguishes antagonism of

NMDAR by the latter from that by either Mg� or MK-801.

CNQX (i0� M) had no effect on NMDA-induced channel

activity.

Channels induced by kainate. With most bilayers that

responded to kainate, at i0� to 10� M this amino acid usually

elicited a number of open conductance levels, with the smallest

being about =9 p5 (Fig. 8A; see also Fig. hA). Transitions

between all levels seemed to be present in recordings from these

bilayers, but it was not possible, because of noise, to determine

unequivocally whether the higher conductances result from

simultaneous openings of more than one =9-pS channel or

whether kainate gates channels of different conductances. In

two bilayers (of a total of =500 that responded to kainate) a

single open channel conductance level was observed, suggesting

possibly the presence of a single active channel in the bilayer.

The data obtained from these two bilayers were similar quali-

tatively and quantitatively. Fig. 9A shows a current amplitude

histogram for one such bilayer, in which the channels had a

conductance of 9.4 pS; this is comparable to the primary

channel conductance activated by kainate in cerebellar granule

cells (41). Further quantitative kinetic analysis of the data

exemplified in Fig. 9A, which were obtained in the presence of

5 x i0-� M kainate at Vm of -130 mV, gave a m5 of 1.07 msec

and a m. of 3.15 msec. Best fits to PDFs of channel open and

closed times for these data required three- and four-exponential

functions, respectively (Fig. 1OA and B). The time constants

for the openings were 0.21 msec, 0.81 msec, and 3.6 msec; those

for closings were 0.22 msec, 1.4 msec, 5.1 msec, and 64.3 msec.

Similarly complex fits have been reported for channels acti-

vated by glutamate, quisqualate, and kainate in cultured rat

cerebellar granule cells (41).

KAINR antagonists. CNQX is a potent competitive antag-

onist of KAINR (42). The response to kainate of dorsal horn

neurons in rat spinal cord (42) is reduced by about 50% by 10��

M CNQX. However, Sucher et al. (43) found that 10� M CNQX

reduced the kainate response of rat retinal ganglion cells by
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Fig. 7. A and B, Recordings of channel activity elicited from a bilayer
containing total protein by 5 x 10_6 M NMDA (A) and by iO� M NMDA
(B) in the presence of 2 x 10_6 M glycine. Openings are downwards in A
and upwards in B and C. A, Recordings made using the pipette-dipping
technique at Vm of -1 80 mV (upper trace) and Vm of -200 mV (lower
trace). In the absence of Mg2�, m0 = 2.5 msec (upper trace); in the
presence of iO� M Mg2�, flickering block is seen (lower trace); m0 (0.96
msec) and P0 were reduced, compared with control. Total block of the
NMDA-induced channel activity in this bilayer was achieved with 5 x
iO� M Mg2�. The recordings in B were made using the black lipid
membrane technique. NMDA-induced channel openings were completely
abolished by 2 x 10_2 M Mg2� at Vm of -150 mV (B, upper trace), but
antagonism was relieved when the membrane potential was changed to
Vm of +100 mV. C, Recordings of channel activity elicited from a bilayer
containing total protein by 10� M NMDA (in the presence of 2 x 10_6 M

glycine). The bilayer was formed using the pipette-dipping technique.
Channel currents are downwards. Data were recorded at Vm of -100
mV. Upper trace, recording obtained in the absence of APV. Total block
of channel openings was obtained with 1 0� M APV (middle trace). This
antagonism was relieved by increasing the concentration of NMDA
to 10-� M (lower trace). On playback, data were sampled at 10 kHz
(100-�sec intervals) and low-pass filtered at either 3 kHz (A and C) or
1 kHz (B).

TABLE 3

Effect of APV concentration on channel openings gated by iO� M

NMDA in bilayers containing total protein’
The bilayers were formed using the pipette-dipping technique. V�, was -100 mV.

[APV]’ N, m0 m� P. 1

U msec msec sec�

0 3280 1.98 2.14 0.482 243
10_6 8180 1.08 3.80 0.221 205

5 x 10_a 593 0.95 15.9 0.057 57.0

a N,, number of events; m0, mean channel open time; m�, mean channel closed
time; P,, channel open probability; 1, channel event frequency.

90%. The potency of this antagonist is clearly quite variable.

The concentrations of CNQX used in our studies to produce

partial antagonism of a response to kainate are similar to those

used by Honor#{233} and colleagues (42, 44) in their studies of

cultured mouse cortical neurons, by Randle et al. (45) in Xen-

opus oocytes injected with rat cortex mRNA, and by Collin-

gridge and colleagues (46, 47) in their studies of KAINR in rat

hippocampus. The channel activity illustrated in Fig. hA was

elicited by i0� to 10� M kainate and comprised multiple

conductance levels. It was reduced to a single open channel

conductance level of =9 pS by i0� M CNQX (Fig. 11B) and
was abolished by 5 x i0� M CNQX (Fig. 11C). If the concen-
tration of kainate was increased 5-fold after channel activity

had been abolished with CNQX, the antagonism elicited by

CNQX was relieved (Fig. liD). Concentrations of Mg�� and

Zn2� as high as 10_2 M did not antagonize activity elicited by

kainate.

Channels induced by AMPA. Channel activity induced by

i0�� M to 10� M AMPA usually (n = 21) comprised multiple

conductance levels, in which =6-pS events were clearly present

(Fig. 8B). As with kainate, transitions between all conductance

levels may have occurred, but the recordings were too noisy to

enable unequivocal identification of such transitions. In other

words, it is possible that the higher conductance levels resulted

from simultaneous openings of two or more channels of ‘-6 PS,

although unitary openings of conductances higher than 6 p5

may also have been present. Fig. 9B shows an example of a

single channel with a conductance of ‘-6 p5 that was activated

by AMPA. Quantitative kinetic analysis of this channel at

-160 mV gave am,, of 0.54 msec and a m� of 1.47 msec. Best

fits to PDFs of channel open times required only two-exponen-

tial functions, with time constants of 0.34 msec and 1.4 msec

(Fig. 1OC) and with the faster component contributing the

greater proportion of events (p = 0.93), i.e., more than that

contributed by the fastest component of the unitary conduct-

ance channel evoked by kainate (p = 0.49) (48). Best fits to

PDFs for channel closed times required three-exponential func-

tions, with time constants of 0.77 msec, 1.6 msec, and 9.3 msec

(Fig. 1OD). Concentrations of Mg�� or Zn2� as high as 10_2 M

had no effect on AMPA-induced channel openings, but AMPA-

induced activity was antagonized by CNQX.

Channels induced by domoate. Channel openings of 9-10

PS were induced with domoate at concentrations as low as iO�

M. Neither 10_2 M Mg2� nor 3 x i0� M MK-801 affected

channel activity elicited by domoate. However, it was antago-

nized by 10� M 2,3-dihydroxy-6,7-dinitroquinoxaline, an ana-

logue of CNQX.

Cross-reactions. Channel openings elicited by NMDA in

bilayers containing fraction II protein were antagonized by 1

mM � whereas those elicited by kainate (in the absence of

NMDA) were not antagonized even by 10 mM � However,

when kainate (or AMPA) and NMDA were applied together to

two bilayers containing fraction II protein, 10�� M Mg�� blocked

all channel activity at negative Vm, despite the fact that it had

no effect in these bilayers on the activity evoked by kainate

application alone. In other bilayers containing fraction II pro-

tein a proportion of the channel openings gated by joint appli-

cation of kainate and NMDA were not antagonized by MW�.

Mg2� at 10_2 M had no effect on the response to joint application

of kainate and NMDA in bilayers containing fraction I protein,

i.e., the protein fraction that was not responsive to NMDA.

High conductance channels. Some batches (two of 25) of
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protein behaved atypically when reconstituted and exposed to
NMDA and non-NMDA agonists. For example, =400-pS uni-

tary channel openings were observed with NMDA (Fig. 12A),
whereas with AMPA open channel conductance levels of =24
PS or higher were seen (Fig. 12B). Sometimes these high

conductance openings occurred in addition to the typical con-

ductance events expected for these amino acids, but in other

cases only atypical openings were present. Although the con-

ductances of the NMDA-elicited channel openings were much

higher than expected, they still exhibited the pharmacological
properties associated with NMDAR, whereas the high con-

ductance channels gated by kainate (and AMPA and domoate)

had agonist/antagonist properties typical of those associated
with non-NMDAR. For example, in one bilayer, where a uni-
tary -iSO-pS channel conductance level was observed with 10�

M NMDA, 10_I M Mg2� induced partial, voltage-dependent

antagonism, seen as brief interruptions (flickerings) of the

=150-pS single-channel current, in addition to reductions in P�

and f; 5 x i0�� M MW� completely antagonized the NMDA-

induced activity, but only at negative Vm values. In another

bilayer, where multiple channel conductance levels, each of -28

PS, were observed with i0� M kainate, 10_F) M CNQX partially

antagonized the kainate-induced activity, i.e., the number of

--28-pS conductance levels was reduced from three to one.

Antagonism was complete with 5 x i0� M CNQX. In neither

case was partial antagonism associated with a decrease in the

unitary conductance of the open channel such that ‘--9-pS (with

kainate) or --SO-pS (with NMDA) step reductions were ob-

served.

Discussion

Using domoate affinity chromatography we have demon-

strated that in membrane bilayers incorporating Xenopus brain

Fig. 8. A and B, Recordings of channel activity elicited
from bilayers containing fraction II protein by i0� PA

kainate at -1 60 mV (A) and from bilayers containing
fraction I protein by 10� PA AMPA at -1 60 mV (B).
Openings are downwards in both records. The bilayers
were formed using the pipette-dipping technique. C, zero
current, i.e. , the closed channel conductance level. Chan-
nel data were low-pass filtered at 3 kHz and sampled at
10 kHz (100-,�sec intervals) on playback in both A and B.
C and D, Current amplitude ((I)) frequency histograms
constructed from 90 sec (C) and 60 sec (D) of data
exemplified in A and B, respectively. Data for histograms
were low-pass filtered at 1 kHz, with sampling at 50 kHz
(20-Msec intervals) on playback. Open channel conduct-
ance levels estimated from the peaks of the histogram in
C are 10.6 pS (p = 0.33) (O�), 22.5 pS (p = 0.15) (02),
32.7 pS (p = 0.37) (03), and 59.3 pS (p = 0.1 5) (04).
Open channel conductance levels estimated from the
histogram in D are 4.4 pS (p = 0.5) (O�), 17.9 pS (p =

0.16) (02), 32.1 pS (p = 0.09) (03), 42.9 pS (p = 0.23)
(04), and 53.9 pS (p = 0.02) (05).

proteins, either total protein or fraction II protein, channel

activity could be induced by NMDA, kainate, and AMPA.

Henley et al. (19) have shown that the total protein and fraction

II contain a --42-kDa polypeptide and a 100-kDa polypeptide.

In contrast, only kainate and AMPA gated channels in mem-

branes containing fraction I protein; this fraction was shown

to contain only polypeptides of 42-kDa apparent molecular

mass (19).

The retention on the domoate (or AMPA or kainate) column

of Xenopus EAAR that exhibit characteristic NMDAR phar-

macology and physiology is surprising, because domoate binds

extremely weakly at NMDAR agonist binding sites in amphib-

ian brain (19). An explanation for this finding is that some
EAAR of Xenopus CNS may be chimeras of NMDAR and non-

NMDAR. The effect of Mg�� on fraction II protein suggests

that such chimeras may gate a common ion channel. This idea

receives additional credibility from the recent work by Brackley

and Usherwood (49) on Xenopus oocytes injected with Xenopus

CNS mRNA. However, in situ studies of glutamate receptors

ofXenopus CNS will be required to test the chimera hypothesis.

The finding that single-channel recordings from glutamate

receptors of mammalian central neurons, using pipettes con-
taming L-glutamate, sometimes contain small (S-iS-pS), inter-

mediate (20-35-pS), and large (40-SO-pS) open channel con-

ductances has been commonly reported, but the intermediate

(20-35-pS) conductances are usually rare (50, 51). NMDA

elicits primarily large conductance openings, although small

and intermediate conductance openings have been observed

with this agonist. NMDA-induced openings other that those of

‘--50 p5 were seen only rarely in our studies. However, in two

bilayers NMDA gated a =9-pS conductance opening in addition

to a characteristic --SO-pS opening. We have been unable either

to confirm or to deny unequivocally the presence of unitary
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Fig. 10. Log-log PDFs for channel data exemplified in Fig. 9, C and D.
+, Observed distributions; , fitted PDFs; - - -, individual exponential
components of the fits. PDFs of channel openings were fitted by either
three-exponential (for kainate (A)) or two-exponential (for AMPA (C))
functions, whereas PDFs for channel closings were fitted by four-expo-
nential (for kainate (B)) and three-exponential (for AMPA (D)) functions.
The time constants of the open PDF fits are 0.21 msec (p = 0.49), 0.81
msec (p = 0.47), and 3.6 msec (p = 0.04) for 10� M kainate (A) and
0.34 msec (p = 0.93) and 1 .4 msec (p = 0.07) for 10� PA AMPA (B).
The time constants of the closed PDF fits are 0.22 msec (p = 0.30), 1.4
msec (p = 0.57), 5.1 msec (p = 0.12), and 64.3 msec (p = 0.01) for
kainate (A) and 0.77 msec (p = 0.67), 1 .6 msec (p = 0.30), and 9.3
msec (p = 0.03) for AMPA.

A Kainate � CNQX

B Kainate + 105M CNQX

�

C Kainate + 5x1O5M CNQX

� C

D Kainate - CNQX

-‘-I I Vm: 160 mV

50 ms

Fig. 1 1. Recordings of channel activity elicited from a bilayer containing
fraction II protein by i0� M kainate. Openings are downwards. The
bilayer was formed using the pipette-dipping technique. A, Multiple open
channel conductance levels characterized the recording obtained in the
absence of CNQX. B-D, Antagonism of channel openings by CNQX. The
antagonism was incomplete with 1 0� M CNQX (B). CNQX at 5 x 10�
M completely antagonized the kainate-induced channel activity (C). After
removal of CNQX, the activity induced by kainate reappeared (D). Data
were recorded at -1 60 mV and low-pass filtered at 2 kHz, with sampling
at 1 0 kHz (100-�sec intervals) on playback. The response of this bilayer
to AMPA was similarly antagonized by CNQX (data not shown).

150 Kerry et a!.

A ‘A

100 ms Vm: -130 mV

Fig. 9. A and B, Recordings of single-channel activity from bilayers

containing fraction II protein (A) and fraction I protein (B). The activity
was elicited by 5 x i0� M kainate at Vm of -1 30 mV (A) and i0�� PA

AMPA at Vm of -160 mV (B). Channel openings are downwards. The
bilayers were made using the pipette-dipping technique. The channel
data were low-pass filtered at 3 kHz and sampled at 10 kHz (100-�sec
intervals) on playback. C and D, Current amplitude ((I)) frequency histo-
grams constructed from 60 sec of the channel data exemplified in A and
B, respectively. The data for the histograms were low-pass filtered at 1
kHz and sampled at 50 kHz (20-,�sec intervals) on playback. The histo-
grams give estimated single-channel conductances of 9.4 pS (p = 0.3)
for kainate and 6.3 pS (p = 0.4) for AMPA.

openings of ‘-60 p5 in these recordings, so we have not elimi-

nated the possibility that the -‘9-pS event is a unitary opening,

even perhaps of a non-NMDAR channel. The failure to block
the --9-pS event with 5 mM Mg2� provides some support for

this latter possibility, although a subconductance state of a

NMDA channel might be less sensitive to Mg2� block than a

--So-ps opening of this channel. The multiple conductance

activity elicited by kainate and AMPA may have contained

some intermediate and large conductance unitary channels of

the type recorded from vertebrate neurons, but such openings

were not observed in the few recordings obtained with non-

NMDA agonists in which only a single channel appeared to be

active. It seems likely that the multiple conductance levels

observed in most recordings with kainate and AMPA resulted

from openings of a number of -‘9-pS or --6-pS channels, re-

spectively.

The strategy that we have used for the incorporation of

purified EAAR proteins into artificial membranes has proved

to be reasonably successful, and the single-channel data that

have been obtained from the reconstituted proteins are similar

in many respects to those obtained from vertebrate EAAR in

situ. However, bilayers containing receptors reconstituted from

some batches of Xenopus protein were consistently character-

ized by agonist-induced channel openings of abnormally high

conductances. A likely explanation for this is that these batches

of protein reconstituted into the bilayers as functional aggre-

gates. This predisposition for aggregation was clearly due to
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0�a).
C-

Fig. 12. Recordings of apparently unitary,
high conductance, channel openings elic-
ted by i0� M NMDA (plus 2 x 10_6 M

glycine) (A) and by 10_S M AMPA (B),
obtained from a bilayer containing total
protein. The current amplitude ((I)) fre-
quency histograms illustrated below
these recordings were constructed from
30 sec of data exemplified in the traces.
Estimated open channel conductance 1ev-
els are 400 pS for NMDA and 24 pS (p =

C 0.28), 34 pS (p = 0.07), 38 pS (p = 0.09),
and 49 pS (p = 0.46) for AMPA. Data for
histograms were filtered at 1 kHz and
sampled at 50 kHz (2O-Msec intervals).

some property of the protein rather than of the bilayer. Recep-

tor aggregation might occur during detergent removal from the
purified protein before it is reconstituted into lipid (52). It has
been previously proposed by Schurholz et al. (53) and Schindler

et al. (54) that aggregated receptor proteins cooperatively open

and close their constituent channels. Although there is also
some evidence for this phenomenon in native membranes (55,

56), it does not relate to EAAR in vertebrate CNS.

Recent studies using in vitro preparations indicate that

NMDAR undergo a use-dependent decline in responsiveness

during prolonged exposure to agonist, i.e., desensitization (30).
In our studies we did not undertake a systematic search for

desensitization. However, in bilayers with a single active

NMDAR, multiple-exponential fits were required for the closed

time PDFs, and one (or more) of these components may have

been associated with a desensitized state of NMDAR. The

majority of bilayers that responded to NMDA exhibited mul-

tiple conductance levels, which would have made desensitiza-
tion difficult to identify.

This detailed account of single-channel data recorded from

EAAR reconstituted into artificial bilayers raises interesting

questions, the answers to some of which may lie in the proce-

dures used to isolate and purify the receptor proteins. The next

step will be to investigate EAAR of Xenopus CNS in situ, using

whole-cell and single-channel recording techniques, in an at-
tempt to determine whether the postulated chimeric NMDAR/

non-NMDAR also exist in vivo.
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