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Abstract

A new method for evaluating chemical selectivity of agonists for the NMDA subtype of glutamate receptor (GluR)
channels is described. The method is based on the magnitude of Ca2+ release from GluR-incorporated liposomes,
which is measured by a Ca2+ ion-selective electrode with a thin-layer mode. The partially purified GluRs from rat
whole brain were reconstituted into Ca2+-loaded liposomes. Small aliquots (each 50 m l) of the proteoliposomes, in
the presence of an antagonist DNQX for blocking non-NMDA subtype, were subjected to potentiometric measure-
ments of Ca2+ release under stimulation by three kinds of agonists, i.e. NMDA, L-glutamate and L-CCG-IV. The
amount of the Ca2+ ion flux through the GluR channel induced by the agonists was found to increase in the order
of NMDABL-glutamateBL-CCG-IV, which was consistent with that of binding affinity of the agonists toward the
NMDA subtype. However, the range of selectivity of the relevant agonists was much smaller compared with results
based on binding affinities. The present method provides physiologically more relevant values for the agonist
selectivity of GluRs as compared to that of the conventional binding assay in the sense that the selectivity is based
on the very magnitude of Ca2+ flux through the NMDA receptor, i.e. the extent of signal transduction by a given
agonist. The evaluation of agonist selectivity based on Na+ release was also investigated by using a Na+ ion-selective
electrode, but agonist-induced Na+ release was not detected, because of low permeability of Na+ through the
NMDA subtype. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The specific binding of the principal neuro-
transmitter L-glutamate to glutamate receptor
(GluR) ion channels at postsynaptic membranes
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in the mammalian central nervous system is
known to trigger the opening of its channel
through which a large number of ions (Na+ and
Ca2+) are allowed to permeate following their
electrochemical potential gradients [1]. The GluRs
are categorized into three subtypes based on phar-
macological responses, i.e. a-amino-3-hydroxy-5-
methylisoxazolepropionic acid (AMPA), kainic
acid, and N-methyl-D-aspartic acid (NMDA) re-
ceptors [2]. On the basis of each receptor subtype
of GluRs, the evaluation of selectivity of agonists
and antagonists is important for elucidating the
fundamental process of neuronal signal transduc-
tion [3], molecular design of specific agonists [4,5]
and structure/function relationships [6,7].

So far, selectivity of agonists for each receptor
subtype was described in terms of ligand affinities.
The ligand affinities were mostly evaluated with
binding assay [4,5,8,9], which is based on compet-
itive binding of an agonist of interest and a radio-
labeled reference agonist with their target
receptor. In binding assay, 50% inhibitory concen-
tration of agonist (IC50) is commonly used as a
measure for the ligand affinity, which is obtained
as follows [9]: synaptic membrane fractions were
incubated with various concentrations of the sam-
ple agonist in the presence of a given concentra-
tion of standard radiolabeled agonist. The
receptor–agonist complex was then separated
from the free agonist and its radioactivity was
measured by a scintillation counter. IC50 is the
concentration of agonist of interest at which the
bindings of half of the radiolabeled agonists are
prevented. The IC50 is related to dissociation con-
stant (Kd) between the receptor and agonist of
interest. An alternative method to evaluate ligand
binding affinities is functional assay which is
based on the potency of agonists to induce the
signal-transducing function of receptors, i.e. in-
duction of ion fluxes through whole-cell channels.
The ion flux was detected with various tools such
as patch-clamp [10], fluorescence indicators (e.g.
Fura 2 [8,11,12]) or radiolabeled permeant ions
(e.g. 45Ca2+ [13], 14CH3NH3

+ [14]). Based on
thus-detected ion fluxes, the selectivity of agonists
has been reported as an agonist concentration
required for 50% change in the ion flux, i.e.
effective agonist concentrations of half-maximal

responses (EC50).
In contrast to the above two approaches, we

have proposed, in our previous paper [15], a new
approach to evaluate the chemical selectivity of
agonists for NMDA subtype based on the very
magnitude of the signal transducing response of
the receptor rather than ligand binding affinities.
The method was based on the integrated channel
currents of NMDA subtype embedded in planar
bilayer lipid membranes corresponding to the to-
tal ion flux through the open channel. The selec-
tivity of agonists thus obtained may be more
physiologically relevant in the sense that the selec-
tivity reflected the signal transducing ability of
agonist-activated receptor.

In the present paper, a new method for evaluat-
ing chemical selectivity of agonists for NMDA
subtype of GluRs incorporated in liposomes
based on the very magnitude of Ca2+ flux was
proposed. The principle of the present approach is
schematically shown in Fig. 1. By activating the
NMDA receptor by three kinds of agonists,
NMDA, L-glutamate or (2S, 3R, 4S) isomer of
2-(carboxycyclopropyl)glycine (L-CCG-IV), the
Ca2+ loaded in the interior of the liposomes is
released to the external solution following its con-
centration gradient through the open channels of
NMDA subtype. The amount of Ca2+ released is
detected by a Ca2+ ion-selective electrode (Ca2+-
ISE) with a thin-layer mode [16–22]. In contrast
to the previous approach based on the integrated
channel current, corresponding to the total cation
fluxes of Ca2+ and Na+ through NMDA recep-
tor in planar bilayer lipid membranes, the present
approach provides Ca2+ ion-specific selectivity of
GluRs toward agonists, which is achieved by uti-
lizing a Ca2+-ISE. Especially, the high permeabil-
ity of the Ca2+ ion through the NMDA subtype
is widely known [23–25], and the selective detec-
tion of Ca2+ ion flux is significant [26–28], since
the Ca2+ ion is one of the second messengers
inside the cell and regulates various kinds of
Ca2+-dependent signal cascades [29]. The selectiv-
ity obtained by the present method is physiologi-
cally more relevant in the sense that the selectivity
is a Ca2+ ion-specific one, and that the selectivity
is based on the very magnitude of Ca2+ ion flux
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Fig. 1. A schematic diagram of the present method for measuring chemical selectivity of glutamate receptor (GluR) ion channels
based on an agonist-induced Ca2+ flux from Ca2+-loaded proteoliposomes monitored by a Ca2+ ion-selective electrode with a
thin-layer mode.

which corresponds to the extent of signal trans-
duction induced by a given agonist. The present
approach is, in principle, applicable to distinguish
a Na+ flux from the total ion fluxes (Na+ and
Ca2+) if a Na+ ion-selective electrode is used.
However, the Na+ flux could not be detected
because of the low Na+ permeability exhibited by
the NMDA subtype, as will be described in the
present paper.

2. Experimental

2.1. Chemicals

L-a-Phosphatidylcholine (PC, from egg, purity
\99%, in chloroform solution) was purchased
from Avanti Polar Lipids (Alabaster, AL).
Cholesterol (chol) was obtained from Wako Pure
Chemicals (Osaka, Japan) and recrystallized three
times from methanol. N-Methyl-D-aspartic acid
(NMDA) and 6,7-dinitroquinoxaline-2,3-
(1H,4H)-dione (DNQX) were purchased from
Sigma (St. Louis, MO). L-Glutamic acid was from
Wako. The (2S,3R,4S) isomer of 2-(carboxycyclo-
propyl)glycine (L-CCG-IV) and (+ )-5-methyl-

10,11-dihydro-5H-dibenzo[a,d ]-cyclohepten-5,10-
imine malenate (MK-801) were obtained from
Research Biochemicals (Natick, MA). Diethyl-
N,N %-[(4R,5R)-4,5-dimethyl-1,8-dioxo-3,6-diox-
aoctamethylene]bis(12-methylamino-dodecanoate)
(ETH1001) was purchased from Fluka (Buchs,
Switzerland). Didodecyl bis(12-crown-
4),tetrakis[3,5 -bis(1,1,1,3,3,3 -hexafluoro-2 -meth-
oxy-2-propyl)phenyl]borate, sodium salt (HFPB)
and 2-nitrophenyl octyl ether (o-NPOE) were
from Dojindo (Kumamoto, Japan). Chloroform
of HPLC grade (Wako) was used after passing
through an alumina column. N-(2-Hydrox-
yethyl)piperazine-N %-2-ethanesulfonic acid
(Hepes) and bis(2-hydroxyethyl)iminotris-(hy-
droxymethyl)methane (Bistris) were obtained
from Dojindo. Other chemicals used were all of
analytical grade. Purified water obtained with an
ultra-pure water system Milli-RX 12a and Milli-Q
Plus (Millipore, Bedford, MA) were used
throughout the experiments. Stock solutions of
L-glutamate, NMDA and L-CCG-IV were pre-
pared, respectively, by dissolving a weighed
amount of each agonist in buffer solution A or
buffer solution B (vide infra), stored at 4°C and
used within 3 weeks.
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2.2. Thin-layer potentiometry

2.2.1. Preparation of Ca2+ ISE membrane
The solvent polymeric liquid membranes con-

taining 1 wt.% Ca2+ ionophore ETH1001, 66
wt.% plasticizer o-NPOE, 33 wt% poly(vinyl
chloride) (PVC) and 73 mol% (relative to the
ionophore) HFPB as an anionic additive were
prepared according to the conventional proce-
dure [30]. A membrane disc of 10 mm diameter
was cut out and fixed on one end of a glass
tube (o.d. 7 mm and i.d. 6 mm) with Teflon seal
tape. As an internal reference solution, 0.01 M
CaCl2 solution was used. An Ag/AgCl wire was
used as an internal reference electrode.

2.2.2. Preparation of Na+ ISE membrane
The solvent polymeric liquid membranes were

prepared by mixing 3.2 wt% didodecyl-bis(12-
crown-4) (Na+ ionophore), 65 wt% o-NPOE, 32
wt% PVC and 1.1 mol% (relative to the
ionophore) HFPB. A membrane disc of 6 mm
diameter was cut out and fixed on a liquid
membrane type ISE body (Denki Kagaku Keiki,
Tokyo, Japan). As an internal reference solu-
tion, 0.1 M NaCl was used. ISE membrane was
conditioned with 0.05 M Na2SO4 overnight.

2.2.3. Preparation of a plate-shaped reference
electrode

A plate-shaped Ag/AgCl reference electrode
was prepared by anodic oxidation of silver plate
(5×5 cm, 2 mm thick) in 0.1 M KCl solution,
according to the procedure described previously
[17]. It is important to note that the influence of
proteins if any on the potential change of the
Ag/AgCl reference electrode is negligible, even
though the reference electrode is in direct con-
tact with the proteoliposome suspensions
[16,18–21]. It should also be pointed out that
the unwanted shifts of the reference potential
due to possible variation of chloride ion activity
from one sample to another can be eliminated
by the use of 10 mM LiCl or 10 mM Bistris–
HCl buffers throughout the whole potential
measurements.

2.2.4. Calibration of the Ca2+ and Na+ ISEs
with a thin-layer mode

The calibration curves for Ca2+ and Na+ were
measured in buffer solution A and in buffer
solution B, respectively, at room temperature.
Buffer solution A was 100 mM Hepes–NaOH
(pH 7.4) containing 10 mM LiCl, 20 mM
potassium acetate, 13.3 mM K2SO4, 0.1 mM
EDTA and 20% glycerol, and buffer solution B
was 10 mM Bistris–HCl (pH 7.4) containing 230
mM sucrose, 0.10 mM NH4Cl, 5.0 mM glycine, 10
mM DNQX and 10% glycerol. Before calibrating
Ca2+ and Na+ ISEs in Ca2+- and
Na+-containing solutions, both the membranes
were washed with buffer solution A and B,
respectively, until steady potentials were obtained.
The potential was measured with a Denki Kagaku
Keiki mV meter model IOL-50.

For preparing its calibration curve for Ca2+, a
50-ml portion of buffer solution A containing
1.0×10−6 M CaSO4 was dropped onto the plate
reference electrode placed in a horizontal position.
The Ca2+ ISE was lowered in an upright position
on the droplet. The potential was measured after
waiting for 3 min for the steady potential (within
91 mV min−1) to be attained. The Ca2+ ISE
was pulled up and both the Ca2+ ISE and the
plate reference electrode were rinsed with Milli-Q
water. Next, 50 ml of buffer solution A containing
1.0×10−5 M CaSO4 was dropped onto the plate
reference electrode and the potential was
measured in the same way. The whole procedure
was repeated for each 50-ml droplet of buffer
solution A containing increased concentrations of
CaSO4. The calibration curve was thus prepared
in the Ca2+ concentration range from 1.0×10−6

to 1.0×10−2 M. The potential versus log C plot
with the Ca2+ ISE showed a Nernstian response
in the concentration range between 1.0×10−5

and 1.0×10−2 M (Fig. 2a).
The calibration curve for Na+ was prepared

basically in the same manner as for Ca2+ except
that 40 ml of buffer solution B containing a given
concentration of Na2SO4 (from 5.0×10−6 to
5.0×10−4 M) was used. The potential versus
log C plot with the Na+ ISE showed a Nernstian
response in the concentration range of Na+ from
3.2×10−5 to 1.0×10−3 M (Fig. 2b).
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2.3. Isolation of glutamate receptors (GluRs)
The synaptic plasma membranes containing

glutamate receptor ion channel proteins were ob-

tained from whole brains of six anesthetized adult
male SD rats as described in our previous paper
[15]. The synaptic membranes were finally sus-
pended in 3 ml of Ca2+ solution (10 mM CaSO4,
10 mM LiCl, 20 mM potassium acetate, 0.1 mM
EDTA, 20% glycerol, 0.1 mM dithiothreitol, 100
mM Hepes–NaOH, pH 7.4) or Na+ solution (10
mM NaCl, 210 mM sucrose, 0.1 mM EDTA, 5
mM glycine, 10% glycerol, 0.1 mM dithiothreitol,
10 mM Bistris–HCl, pH 7.4).

The total amount of extracted proteins was
determined by Bradford’s method [31] using
Coomassie Brilliant Blue G-250 dye (Bio-Rad
protein assay kit, Bio-Rad Laboratories, Her-
cules, CA) in the same manner as described in our
previous paper [15]. The protein suspension was
diluted with Ca2+ solution or Na+ solution, re-
spectively, to give a concentration of ca 2 mg
protein ml−1.

2.4. Preparation of Ca2+- and Na+-loaded
proteoliposomes

The diluted synaptic membranes (1.5 ml) was
transferred into a pear-shaped flask coated with a
PC-chol (weight ratio, 4:1) lipid film and sealed
with nitrogen. The lipid film was prepared as
follows: 2.5 mg of PC and 0.6 mg of cholesterol in
a pear-shaped flask were dissolved in 1.5 ml of
chloroform. Chloroform was roughly evaporated
with a rotary evaporator under reduced pressure,
and completely evaporated with vacuum pump
for 1 h. In order to load the ion of interest inside
the liposomes, the protein suspension and the
lipid film were vigorously vortexed and then soni-
cated in an ice bath for 5 min. The proteolipo-
some suspension thus obtained was divided into
small portions in separate microcentrifuge tubes
and stored at 4°C under nitrogen until use.

The trapped volumes of the Ca2+- and Na+-
loaded proteoliposomes, determined according to
the procedure described by Oku et al. [32], were
2.6 and 3.1% of the total volume, respectively.

2.5. Potentiometric measurement

2.5.1. For Ca2+ release
In order to establish a sufficient outward Ca2+

Fig. 2. Calibration curves for Ca2+ (A) in buffer solution A
(see Section 2) and Na+ (B) in buffer solution B with Ca2+

and Na+ ion-selective electrodes, respectively, with a thin-
layer mode (n=3). Potentials were measured with respect to a
Ag/AgCl plate reference electrode.
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concentration gradient between exterior and
interior solutions of liposomes, the Ca2+

concentration outside liposomes was expected to
be minimized. For this purpose, a Ca2+-loaded
proteoliposome suspension was centrifuged
(7000×g) and the resulting supernatant was
replaced with the same volume of buffer solution
A free of Ca2+. This procedure was repeated
again. Prior to the potentiometric measurement,
one-fifth volume of buffer solution A containing
2.5×10−5 M glycine and 6.0×10−5 M DNQX
was mixed with proteoliposome suspension in
order to enhance the agonist-induced ion flux and
antagonize the response of non-NMDA subtype
of GluRs.

Following the above pretreatments, a 50-ml
aliquot of the proteoliposome suspension was
dropped on the Ag/AgCl plate reference
electrode, then the Ca2+ ISE was brought into
contact with this droplet. After 3 min, a 5.0-ml
portion of buffer solution A containing
1.1×10−7 M of each agonist (NMDA,
L-glutamate or L-CCG-IV) was injected to the
droplet to bring its concentration to 1.0×10−8

M. The droplet was mixed well by repeatedly
lowering and lifting the Ca2+-ISE, and allowed to
stand for 3 min for potential recording. Then
successive addition of each 5.0-ml buffer solution
A containing each agonist (1.1×10−6,
1.2×10−5 and 1.3×10−4 M) to the same
proteoliposome droplet was carried out to reach
agonist concentrations of 1.0×10−7, 1.0×10−6

and 1.0×10−5 M, respectively; the potentials at 3
min after each addition of the agonist solutions
were recorded, respectively. A similar procedure
was performed by adding buffer solution A free
of agonist for the background Ca2+ leakage
measurement, under otherwise identical
conditions.

During these potentiometric measurements,
each injection of the agonist solutions increased
the volume of proteoliposome sample droplet
causing diluted Ca2+ concentrations in the
exterior of the liposomes. The increased amount
(moles) rather than concentration of Ca2+ in the
exterior of liposomes was therefore used as a
measure of Ca2+ release.

On the basis of the amount of initially loaded

Ca2+ and the amount of Ca2+ released, the
decreased amount of Ca2+ inside the liposomes
under stimulation by 1.0×10−5 M L-glutamate
was estimated to be 30% of the initial value.

2.5.2. For Na+ release
The method for measuring the Na+ release

induced by L-glutamate and L-CCG-IV using a
Na+ ISE was basically the same as that for the
Ca2+ release, except that the incubation with
DNQX and glycine was omitted since buffer solu-
tion B already contained 10 mM DNQX and 5
mM glycine.

2.6. Procedure for e6aluating agonist selecti6ity
based on Ca2+ release

The net Ca2+ release (DCa) induced by each
agonist is defined as follows, taking into account
the background Ca2+ leakage (Db):

DCa=Da−Db (1)

where Da is the increased amount of Ca2+ by
increasing the concentration of each agonist from
1.0×10−8 to 1.0×10−5 M and Db is the back-
ground Ca2+ leakage by injecting the same vol-
umes of buffer solution A containing no agonists.
The agonist selectivity was evaluated with the
ratio of DCa between two agonists of interest
which was obtained by using each 50-ml prote-
oliposome sample pretreated at the same time.
This is because, within the same proteoliposome
preparation, the number of GluRs was constant
(see Section 3.4).

3. Results and discussion

3.1. Characteristics of Ca2+-loaded proteolipo-
somes

Prior to the addition of the agonist solutions,
the residual Ca2+ concentration in the exterior
aqueous phase of the proteoliposome suspension
was found to be ca 10−4 M (n=24). This rela-
tively high concentration of Ca2+ is ascribed to
incomplete removal of Ca2+ and agonist irrele-
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Fig. 3. Potential–time profiles of the L-glutamate-triggered Ca2+ release and the background Ca2+ leakage from Ca2+-loaded
liposomes embedded with GluRs. (�) Five ml of buffer solution A containing L-glutamate was injected at each arrow in order that
the final concentrations of L-glutamate in the sample droplet become: (a) 1.0×10−8 M; (b) 1.0×10−7 M; (c) 1.0×10−6 M; and
(d) 1.0×10−5 M, respectively. (�) Five ml of buffer solution A containing no agonist was injected at each arrow. The initial volume
of each proteoliposome droplet was 50 ml.

vant leakage of Ca2+ from the liposomes. The
concentration of Ca2+ inside the liposomes was
determined to be ca 10−2 M by a Ca2+ ISE after
osmotic rupture with water of the proteolipo-
somes, together with taking into account the mea-
sured value of the trapped volume (2.6%) of
proteoliposomes. A concentration gradient of
Ca2+ as great as 102 was thereby established,
directed from the interior to the exterior of lipo-
somes. Such a high concentration (ca 10−2 M) of
internal Ca2+ has been demonstrated to cause
inactivation of the NMDA receptor using an in-
side-out patches technique [33]. However, in the
present study, a sufficient concentration gradient
of Ca2+ across liposome membranes was neces-
sary as a driving force for agonist-induced Ca2+

efflux. Thus we used ca 10−2 M of Ca2+ as an
internal solution of the liposomes, although such
a high concentration is a compromise for attain-
ing efficient activity of GluRs.

Under the present experimental conditions,
where agonists are injected to the exterior
aqueous phase of the proteoliposomes, only
GluRs whose agonist binding site face the outside
of the liposomes are subjected to stimulation by
each agonist; the resulting Ca2+ flux therefore is
directed outwards following its own concentration
gradient. The direction of this Ca2+ flux is in a
way reversed from the actual post-synaptic mem-

brane system where the Ca2+ flux is directed from
the extracellular to the cytoplasmic side. It is,
however, noted that the channel current observed
in the planar lipid bilayer incorporated with
GluRs is basically linear and symmetrical with the
change in magnitude and polarity of the applied
membrane potentials [15], indicating that the dif-
ference in the direction of the ion flux in this case
is irrelevant to the extent of ion permeation
through the NMDA receptor.

3.2. Potential– time profiles of a Ca2+ ISE for
Ca2+ release

A typical potential–time profile, monitored by
a Ca2+ ISE with a thin-layer mode, of the L-glu-
tamate-triggered Ca2+ release and the back-
ground Ca2+ leakage is shown in Fig. 3. The
arrows indicate the time at which each 5-ml
aliquot of buffer solution A with (�) or without
(�) L-glutamate was injected into a proteolipo-
some droplet, placed beforehand on the plate
reference electrode. Because of agonist irrelevant
leakage of Ca2+ from liposomes, the potential
when the Ca2+ ISE was brought into contact
with sample droplet (time=0) varied from one
sample to another. This variation was minimized
by comparing each proteoliposome sample pre-
treated at the same time. Within the same prote-
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oliposome preparation, the potential of adding
L-glutamate (�) was larger than that of simply
injecting buffer solution A (�). The difference in the
potentials demonstrates that the agonist-induced
Ca2+ release in fact occurred. Also, the time course
in the observed potentials simply reflects the effect
of dilution of the proteoliposome sample droplet as
a lowering of starting potentials upon each consec-
utive injection of the L-glutamate solution. For
accurately evaluating the amount of Ca2+ release
from proteoliposomes, the observed potentials 3
min after the injection of each agonist were used,
when complete mixing of the sample droplet was
expected to be attained. Using thus-measured po-
tentials together with corrected volumes of the
sample droplets, the amount of Ca2+ release was
obtained. The GluRs in their open state may pass
not only Ca2+ but also Na+; however, the Ca2+

ISE employed here essentially detects a Ca2+ ion
flux: the potentiometric selectivity coefficient
KCa,Na

pot is known to be 10−3.7 [30].

3.3. Effect of antagonists and agonist
concentration dependence

The effect of antagonists, DNQX for non-
NMDA subtype and MK-801 for NMDA subtype,
on L-glutamate-induced Ca2+ release was exam-
ined in the concentration range from 1.0×10−8 to
1.0×10−5 M L-glutamate. For comparison, the
background Ca2+ leakage was also examined in the
same proteoliposomes preparation. The amount of
Ca2+ existing outside the liposomes was plotted
against the concentration of L-glutamate or in-
jected volume of buffer solution A, as shown in Fig.
4.

As described in the previous section, the amount
of Ca2+ release (curve B) was greater than that of
the background Ca2+ leakage (curve C). On the
other hand, in the presence of antagonists DNQX
and MK-801, L-glutamate-induced Ca2+ release
(curve A) was suppressed to a level identical to the
background Ca2+ leakage (curve C). These results
demonstrate that the difference between the
amount of L-glutamate-induced Ca2+ release and
the background Ca2+ leakage is due to embedded
GluRs which, in a channel-open state, allowed
permeation of Ca2+.

Fig. 5 shows the concentration-dependent Ca2+

release for three kinds of agonists and the back-
ground Ca2+ leakage in the presence of 10 mM
DNQX (non-NMDA subtype antagonist [34]).

Fig. 4. Effect of GluR antagonists on L-glutamate-induced
Ca2+ release from Ca2+-loaded liposomes embedded with
GluRs. The amount of Ca2+ released was obtained 3 min
after L-glutamate injection and plotted against the concentra-
tion of L-glutamate with (A) or without (B) 5 mM DNQX and
5 mM MK-801. (C) Background Ca2+ leakage was obtained
by injecting buffer solution A without L-glutamate. The bot-
tom figures represent NMDA and non-NMDA subtypes being
blocked by MK-801 and DNQX (A), and activated by L-gluta-
mate (B).
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Fig. 5. Dependence of the Ca2+ release from Ca2+-loaded
liposomes embedded with GluRs on the concentrations of
agonists: (�) L-glutamate, () L-CCG-IV, (�) NMDA or
(× ) no agonist. Potentials 3 min after injection of buffer
solution A containing each agonist were measured. All mea-
surements were performed using each 50-ml of proteoliposomes
from the same preparation.

cause, within the same proteoliposome prepara-
tion, the number of GluRs was constant. It
should be noted that, since the potential often
happened to jump suddenly by several mV during
measurements, seemingly due to the rupture of
proteoliposomes, all the data obtained were
checked by Q-test [35] before calculating the
mean values and standard deviations. The proba-
bility of successful measurements after the Q-test
was 50% out of 24 measurements.

The selectivity of agonists evaluated with the
present approach was found to increase in the
order of NMDABL-glutamateBL-CCG-IV.
This selectivity order is consistent with that of
binding affinity of the agonists toward the
NMDA subtype. However, the range of selectivity
of the relevant agonists was much smaller
(NMDA:L - glutamate:L - CCG - IV=0.5890.31:-
1.0:1.690.4) compared with the result based on
binding affinities (NMDA:L-glutamate:L-CCG-
IV=0.022:1.0:17 [8]). This suggests that the
present method based on the Ca2+ flux through
the NMDA receptor subtype gives a physiologi-
cally more relevant agonist selectivity toward
NMDA receptor subtype compared to the assay
based on binding affinity: the present approach is
based on the very magnitude of Ca2+ ion passed
through the NMDA receptors, which reflects not
only the binding affinity for the agonists but also
the ability of signal transduction and amplifica-
tion. Interestingly, the selectivity ratio of the rele-
vant agonists based on the Ca2+ release was
practically in agreement with that based on the
total ion flux (Ca2+ and Na+), i.e. the selectivity
ratio NMDA:L-glutamate:L-CCG-IV=0.479
0.57:1.0:2.991.5 [15].

3.5. Characteristics of Na+-loaded
proteoliposomes and Na+ release

The NMDA receptor is known to allow perme-
ation of Na+ as well as Ca2+. We also tried to
use a Na+ release as in the Ca2+ case as a
measure of the selectivity of agonists to activate
the NMDA receptor. The Na+-loaded liposomes
were prepared as described in Section 2. The
initial Na+ concentration outside the liposomes
was ca 10−4 M, as measured by a Na+ ISE. The

NMDA and L-CCG-IV also induced Ca2+ release
like L-glutamate. On the basis of the concentra-
tion-dependent Ca2+ release, we used the in-
creased amount of Ca2+ (Da) from 1.0×10−8 to
1.0×10−5 M of agonist concentration for evalu-
ating the selectivity of each agonist. Fig. 5 also
indicates that the background Ca2+ leakage was
not negligible as compared to the agonist-induced
Ca2+ release. Therefore, the net Ca2+ release
(DCa) was obtained by subtracting the back-
ground Ca2+ (Db) leakage as described in Section
2.

3.4. E6aluation of agonist selecti6ity for NMDA
subtype of glutamate receptors

Table 1 shows the DCa values of three kinds of
agonists and their ratio within the same prote-
oliposomes preparation. Although the absolute
value of DCa induced by an agonist of interest
varied from one proteoliposome preparation to
another, the ratio of DCa between each agonist,
NMDA/L-glutamate and L-CCG-IV/L-glutamate,
was found to be almost constant among different
proteoliposome preparations. This is simply be-
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Table 1
Chemical selectivity of NMDA, L-glutamate (L-Glu), and L-CCG-IV toward NMDA receptor subtype based on the amount of
agonist-induced Ca2+ release from Ca2+-loaded liposomes embedded with GluRs

DCaa,b (10−9 mol Ca2+) Selectivity ratiocProteoliposome preparation no.

NMDA L-CCG-IV NMDA/L-Glu L-CCG-IV/L-GluL-Glu

0.372.7 1.80.551 1.5
1.8 3.7 1.02 2.11.8

1.40.172.20.273 1.6
0.73 —d4 1.5 1.1 —d

0.46 —d5 1.7 0.79 —d

—d 0.726 1.8 1.3 —d

1.8 —e 2.4—e7 0.75
1.4 —e8 0.93 1.5—e

1.2—d1.3—d9 1.1
—d 1.010 0.72 —d 0.73
Mean 0.5890.31 (n=6)f Mean 1.690.4 (n=7)f

aDCa (the net Ca2+ release) is defined in Section 2. Potential 3 min after injection of each agonist solution was used for obtaining
DCa.
bMeasured in 100 mM Hepes/NaOH (pH 7.4), 10 mM LiCl, 20 mM CH3COOK, 13.3 mM K2SO4, 0.1 mM EDTA and 20% glycerol
(buffer solution A) containing 5 mM glycine and 10 mM DNQX.
cThe net Ca2+ release induced by NMDA or L-CCG-IV relative to that of L-Glu within the same proteoliposome preparation.
dData were rejected by Q-test with confidence limit of 95%.
eNot measured.
fConfidence limit of 95%.

concentration of Na+ inside the liposomes was
determined to be ca 10−2 M by a Na+ ISE after
osmotic rupture with water of the proteolipo-
somes. This concentration was comparable to that
of the entrapped Ca2+ in the above study.

The Na+ release under stimulation by L-gluta-
mate and L-CCG-IV in the concentration range
from 0 M (buffer solution B) to 9.3×10−6 M
was examined, together with the background
Na+ leakage by adding buffer solution B free of
agonists. The results obtained are shown in Fig. 6.
Unlike the case of Ca2+ release, there was no
significant difference between the Na+ release
induced by agonists and the background Na+

leakage, i.e. the agonist-induced Na+ release
through the open channels of the NMDA subtype
was not observed, although the background Na+

leakage (2.0190.74 nmol; normalized as 50 ml
proteoliposome suspension, n=4) was compara-
ble to that of Ca2+ (2.1790.78 nmol, n=3), and
the lower detection limits of Ca2+ and Na+ ISEs
were almost identical. The most probable reason
for the above result is that the permeability of

Na+ through the NMDA receptor is lower than
that of Ca2+. The permeability ratio (PCa/PNa) of
Ca2+ to Na+ through NMDA receptors in bio-
logical membranes has been reported to be �6
[23–25]. Our result, together with this fact, indi-
cates that the Na+ flux through the NMDA
subtype is much smaller than the Ca2+ flux, if
compared under identical conditions, as used in
the present study.

4. Conclusion

The present method utilized a Ca2+ flux
through NMDA receptor subtype as a new mea-
sure of the efficacy of the agonist to activate the
NMDA receptor subtype. The method relied on
thin-layer potentiometry with a Ca2+ ion-selec-
tive electrode. The present approach provides a
Ca2+ ion-specific selectivity toward GluRs, in
contrast to the method based on total integrated
currents used in our previous paper. The observed
selectivity order for three typical agonists was
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Fig. 6. Dependence of the Na+ release from Na+-loaded
liposomes embedded with GluRs on the concentrations of
agonists: (�) L-glutamate, () L-CCG-IV or (× ) no agonist.
Potentials 3 min after injection of buffer solution B containing
each agonist were emeasured. All measurements were per-
formed using each 40-ml of proteoliposomes from the same
preparation.

term) for foreign researchers. This work was sup-
ported from Grants for Scientific Research by the
Ministry of Education, Science and Culture,
Japan. The supports from Suntory Institute for
Bioorganic Research are also acknowledged.
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