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Abstract: Generation of in vitro cellular assays using fluorescence measurements at heterologously expressed NMDA re-
ceptors would speed up the process of ligand characterization and enable high-throughput screening. The major drawback
to the development of such assays is the cytotoxicity caused by Ca®*-flux into the cell via NMDA receptors upon pro-
longed activation by agonists present in the culture medium. In the present study, we established four cell lines with stable
expression of NMDA receptor subtypes NR1/NR2A, NR1/NR2B, NR1/NR2C, or NR1/NR2D in BHK-21 cells. To assess
the usefulness of the stable cell lines in conjunction with intracellular calcium ([Ca?"];) measurements for evaluation of
NMDA receptor pharmacology, several ligands were characterized using this method. The results were compared to paral-
lel data obtained by electrophysiological recordings at NMDA receptors expressed in Xenopus oocytes. This comparison
showed that agonist potencies determined by [Ca®']; measurements and electrophysiological recordings correlated well,
meaning that the stable cell lines in conjunction with [Ca?"]; measurements provide a useful tool for characterization of
NMDA receptor ligands. The agonist series of conformationally constrained glutamate analogues (2S,3R,4S)-a-
(carboxycyclopropyl)glycine (CCG), 1-aminocyclobutane-r-1,cis-3-dicarboxylic acid (trans-ACBD), and (¥)-1-
aminocyclopentane-r-1,cis-3-dicarboxylic acid (cis-ACPD), as well as the highly potent agonist tetrazolylglycine were
among the characterized ligands that were assessed with respect to subtype selectivity at NMDA receptors. However,
none of the characterized agonists displays more than 2-3 fold selectivity towards a specific NMDA receptor subtype.
Thus, the present study provides a broad pharmacological characterization of structurally diverse ligands at recombinant

NMDA receptor subtypes.
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INTRODUCTION

N-methyl-D-aspartate  (NMDA) receptors are ligand-
gated cation-selective ion channels and members of the fam-
ily of ionotropic glutamate receptors [1]. They are expressed
throughout the mammalian central nervous system and under
normal conditions, they are essential to processes as diverse
as neural development, perception of pain, and synaptic plas-
ticity including long-term depression and long-term potentia-
tion, which are believed to form the molecular basis for
memory and learning [1]. However, NMDA receptors are
also implicated in several neuropathological conditions, such
as ischemia, epilepsy, schizophrenia, chronic pain, and Alz-
heimer's disease, and they have therefore gained consider-
able interest as targets in the development of therapeutic
agents [2].

Seven NMDA receptor subunits have been identified,
namely the NR1 subunit, four NR2 subunits (NR2A-D), and
two NR3 subunits (NR3A-B) [1, 3]. Functional NMDA re-
ceptors are heteromeric assemblies of two NR1 subunits and
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two NR2 subunits that are activated by simultaneous binding
of glutamate and glycine. The NR1 subunits provide the gly-
cine binding sites and the NR2 subunits form the glutamate
binding sites [1]. Expression of the NR1 subunit alone in
heterologous cells will not produce functional homomeric
glycine-responsive receptors [4], and expression of the NR2
subunit alone will not produce functional homomeric gluta-
mate-responsive receptors [5].

Cell lines stably expressing the different NMDA receptor
subtypes make a solid basis for assays to efficiently deter-
mine the pharmacological properties and subtype selectivity
of NMDA receptor agonists and antagonists. Several groups
have described approaches to generate cell lines with stable
expression of human [6-9], mouse [10] or rat [11-13] NMDA
receptors. In conjunction to the cell lines, some of these stud-
ies have developed functional assays using intracellular cal-
cium ([Ca®*];) measurements [9-13]. However, none of these
cell lines has been used to characterize more than two ago-
nists at recombinant NMDA receptors using intracellular
calcium ([Ca*']}) measurements. It therefore remains to be
shown whether stable cell lines in conjunction with [Ca®"];
measurements can be used for evaluation of NMDA receptor
pharmacology.

Expression of recombinant NMDA receptors in non-
neuronal cell lines is associated with cytotoxicity due to

© 2008 Bentham Science Publishers Ltd.



Ligands at Recombinant NMDA Receptor Subtypes

NMDA receptor-mediated Ca**-influx induced by prolonged
activation by glutamate and glycine present in the culture
medium [14, 15]. Culturing the cells in the presence of
NMDA receptor antagonists will partly overcome this obsta-
cle, and generation of stable cell lines with inducible expres-
sion of NMDA receptors will further attenuate the NMDA
receptor-mediated cell death [7, 8, 10-13].

In the present study, we describe cell lines with stable
expression of rat NMDA receptor subtypes NR1/NR2A,
NR1/NR2B, NR1/NR2C, or NR1/NR2D in BHK-21 cells. In
addition, we develop an assay using [Ca*"]; measurements
for characterization of ligands at the stably expressed
NMDA receptors. By characterizing a number of agonists,
we demonstrate that the assay using [Ca*']; measurements
reliably reports both potencies and relative maximal re-
sponses when comparing with data obtained by two-
electrode voltage-clamp (TEVC) recordings at NMDA re-
ceptors expressed in Xenopus oocytes.

MATERIALS AND METHODS

NMDA receptor ligands. (S)-Glutamic acid (glutamate),
(S)-aspartic acid (aspartate), (2S,3R,4S)-a-(carboxycyclo-
propyl)glycine (CCG), (R,S)-2-amino-5-phosphonopenta-
noic acid (AP5), 5,7-dichlorokynurenic acid (DCKA), me-
mantine, MK-801, NMDA, phencyclidine (PCP), ifenprodil,
and glycine were obtained from Sigma-Aldrich (Munich,
Germany). (R,S)-1botenic acid (ibo), 1-aminocyclobutane-r-
1,cis-3-dicarboxylic acid (trans-ACBD), (%)-1-aminocycl-
opentane-r-1,cis-3-dicarboxylic acid (cis-ACPD), (R)-4-(3-
phosphonopropyl)piperazine-2-carboxylic ~ acid  (CPP),
LY235959, and homoquinolinic acid (HQ), (R,S)-(tetrazol-
5-yl)glycine (TZG) were purchased from Tocris (Bristol,
UK). (R,S)-2-amino-2-(3-hydroxy-5-methylisoxazol-4-yl)ace-
tic acid (AMAA) [16] and (R,S)-thioibotenic acid (thio-ibo)
[17] were synthesized as previously described.

DNA constructs. For inducible expression in BHK-21
Tet-On cells, the open reading frame of rat NR1-1la (Gen-
Bank accession no. U11418) cDNA was subcloned into the
pPTRE2 vector (BD Biosciences Clontech, Heidelberg, Ger-
many). For expression in Xenopus oocytes, NR1-1la cDNA
was subcloned into the pCI-IRES-neo vector. The open read-
ing frames of rat NR2A (D13211), NR2B (M91562), NR2C
(D13212), and NR2D (D13214) cDNAs were subcloned into
the pCI-IRES-bla vector. Constructs used for expression in
Xenopus oocytes (pCI-IRES-neo and pCI-IRES-bla, contain-
ing a T7 site upstream from the 5° un-translated region) were
linearized by restriction enzymes in order to produce cRNAs
using mMessage mMachine kits (Ambion, Huntingdon,
UK). The mammalian expression cassette of pCI-IRES-neo
and pCI-IRES-bla contain (in the following order); a CMV
enhancer/promoter region, a chimeric intron, a multiple clon-
ing site, a synthetic intron, an internal ribosome entry site
(IRES), neomycin phosphotransferase Il gene (pCI-IRES-
neo; G418-resistance) or blasticidin S deaminase gene (pCl-
IRES-bla; blasticidin-resistance), and finally an SV40 late
polyadenylation signal. Briefly, the Notl - Narl fragment of
pIRESneo2 (BD Biosciences Clontech, Heidelberg, Ger-
many) containing the synthetic intron and the IRES was sub-
cloned into pCl-neo (Promega, Madison, WI), thereby pro-
ducing the pCI-IRES-neo vector. The pCI-IRES-bla vector
was produced by replacing the neomycin phosphotransferase
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11 gene from pCI-IRES-neo with the blasticidin S deaminase
gene from pcDNAG-E (Invitrogen, Carlsbad, CA).

Cell culturing and DNA transfection. BHK-21 cells
were maintained at 37°C, 5% CO,, and 95% relative humid-
ity in DMEM containing GlutaMAX-1, 4500 mg/L glucose,
and 110 mg/L sodium pyruvate (Invitrogen, Carlsbad, CA)
supplemented with penicillin (100 units/mL), streptomycin
(100 pg/mL), and 10% dialyzed fetal bovine serum (Invitro-
gen, Carlsbad, CA). All transfections were performed using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Six h after
transfection, the medium was replaced by normal medium
supplemented with 200 uM AP5 and 200 uM DCKA to pre-
vent NMDA receptor-mediated cell death.

Generation of stable cell lines. In order to generate a
Tet-On compatible cell line, BHK-21 cells were transfected
with 5 ug pTet-On (BD Biosciences Clontech, Heidelberg,
Germany) and clones resistant to 1 mg/mL G418 (Invitro-
gen, Carlsbad, CA) were selected. The monoclonal BHK-21
pTet-On stable cell line showing the lowest background and
the highest doxycycline-induced (dox-induced) expression
was selected according to the ‘BD Tet-Off and Tet-On Gene
Expression Systems User Manual’ (BD Biosciences Clon-
tech, Heidelberg, Germany) and used for generation of all
the NMDA receptor cell lines. Transfection of BHK-21
pTet-On cells was performed using 20 ng NR1-1a pTRE2
together with 2 ug NR2A-D pCI-IRES-bla. The day after
transfection, the cells were diluted 1:1000 and seeded in 144
mm dishes. The following day, 1 mg/mL G418 and 10
pg/mL blasticidin S (Sigma-Aldrich, Munich, Germany)
were added to the medium. Unless otherwise noted, the me-
dium always contained 1 mg/mL G418 and 10 pug/mL blasti-
cidin S for selection, as well as 200 uM AP5 and 200 uM
DCKA to prevent NMDA receptor-mediated cell death.
G418-resistant and blasticidin S-resistant clones were iso-
lated 10-14 days after transfection.

Intracellular calcium measurements using Fluo-4. In
experiments using the fluometric imaging plate reader
(FLIPR) (FLIPR®*: Molecular Devices, Sunnyvale, CA),
cells were seeded into black-walled-clear-bottom 96-well
plates at 20000 cells/well two days before the measurements.
The culture medium was replaced one day before the assay
with fresh medium or fresh medium containing 2 pg/mL dox
to induce NR1-1a expression. On the day of the assay, cells
were washed once in wash/load buffer containing (in mM): 1
probenecid (Sigma-Aldrich, Munich, Germany), 1.26 CacCls,,
0.49 MgCl,, 0.41 MgSO, 138 NaCl, 5.33 KCI, 0.34
Na,HPOy, 0.44 KH,POy4, 4.17 NaHCO3, 5.56 D-glucose, and
20 HEPES pH 7.4. After this wash, the cells were loaded for
35 min at 37°C with 4.5 uM Fluo-4/AM (Molecular Probes
Invitrogen, Carlsbad, CA) in wash/load buffer supplemented
with 0.05% (w/v) Pluronic F-127 (solubility enhancer) (Mo-
lecular Probes Invitrogen, Carlsbad, CA). Cells were then
washed two times in assay buffer containing (in mM): 10
CaCly, 138 NaCl, 5.33 KCI, 0.34 NayHPO,, 0.44 KH,PO,,
4.17 NaHCOs3, 5.56 D-glucose, and 20 HEPES pH 7.4. After
the last wash, 100 uL assay buffer was added to each well,
and the cells were allowed to rest for 5 min at room tempera-
ture.

Fluorescence was measured using a FLIPR with excita-
tion at 488 nm (argon-laser) and a 510-570 nm pass band
emission filter. The baseline fluorescence (Fyasar) Of each 96-



306 Combinatorial Chemistry & High Throughput Screening, 2008, Vol. 11, No. 4

well plate was set to approximately 10000 fluorescence units
by adjusting the exposure length. Fyass Was monitored for 20
s before applications were performed and fluorescence (F) in
response to the application was measured for an additional 3-
4 min. The volume of all applications was 25 pL and the
ligand concentrations were added to the well (containing 100
uL assay buffer) at 5 times the final concentrations. Unless
otherwise stated, 20 uM glycine (final concentration) was
included in all applications except the buffer applications
(controls). These control applications were used by the
FLIPR software in order to correct for shift in baseline fluo-
rescence caused by buffer addition to the wells. Usually, the
shift was less than 5% of the maximal response elicited by
glutamate (except for the NR1/NR2D cell line). Applications
of 100 uM glutamate in order to determine maximal re-
sponse and applications of 100 uM MK-801 in order to de-
termine the level of basal activity were included on all 96-
well plates. Furthermore, the fluorescence responses to all
agonists could be completely inhibited by application of the
open channel blocker MK-801, thereby demonstrating that
none of the compounds display autofluorescence. The results
are either displayed as fluorescence change = F-Fy,gq OF dis-
played as percentage (%) of baseline = 100% * F/Fyasa,
where F is the steady-state fluorescence signal measured
after ligand application. Unless otherwise noted, all meas-
urements were performed using 4-6 replicates (wells) and in
at least 3 independent experiments.

Two-electrode voltage-clamp electrophysiology. Oo-
cytes were surgically removed from mature female Xenopus
laevis anaesthetized in 0.4% 3-aminobenzoic acid ethyl ester
(Sigma-Aldrich, Munich, Germany) for 10-15 min. In order
to remove the follicle layer, the oocytes were subsequently
digested at room temperature for 3 h with 0.5 mg/mL colla-
genase (type IA; Sigma-Aldrich, Munich, Germany) in OR-2
buffer (in mM: 82.5 NaCl, 2.0 KCI, 1.0 MgCl,, and 5.0
HEPES pH 7.6). The following day, healthy-looking stage
V-V1 oocytes were co-injected with cRNA encoding NR1-1a
and the NR2 subunit at a 1:1 ratio and maintained at 18°C in
Barth’s solution (in mM: 88 NaCl, 1.0 KCI, 2.4 NaHCOg3;,
0.41 CaCly, 0.82 MgSQ,, 0.3 Ca(NOs3),, and 15 HEPES pH
7.6) supplemented with 100 IU/mL penicillin and 100
png/mL streptomycin (Invitrogen, Carlsbad, CA).

TEVC recordings were performed at ambient tempera-
tures 2-4 days after injection using an OC-725C Oocyte
Clamp amplifier (Warner Instruments, Hampden, CT) with a
Digidata 1322A interface (Molecular Devices, Sunnyvale,
CA). The pClamp9 suite of programs (Molecular Devices,
Sunnyvale, CA) was used for data acquisition. Currents were
digitized at 100 Hz. The microelectrodes were fabricated
from borosilicate glass capillaries (GC150TF-10, Harvard
Apparatus, Holliston, MA) and pulled on a PC-10 puller
(Narishige Instruments, Tokyo, Japan). Microelectrodes
were filled with 3 M KCI and had 0.5-2.5 MQ resistance.
During recordings, the oocytes were voltage-clamped at -40
mV and continuously perfused with Ringer’s solution con-
taining (in mM) 115 NaCl, 2.5 KCI, 1.9 BaCl,, and 10
HEPES (pH 7.6). The ligands were dissolved in Ringer’s
solution and applied to the oocytes by gravity-driven perfu-
sion using a Valvebank 8 (Automate Scientific, San Fran-
cisco, CA). 20 uM glycine was included in the Ringer’s so-
lution at all times.
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Data analysis. Data was analyzed with GraphPad Prism
4.0 (GraphPad Software, San Diego, CA). For concentration-
response data obtained by [Ca?']; measurements, each data
point was expressed as F/Fyssa and averaged from 4-6 wells.
These data points were fitted to the Hill equation: F= F,, +
((Fmax - I:min)/(]- + 1OA((|OgEC50 - IOg[A])* nH)))- Fmax is the
maximal response to the agonist, ny denotes the Hill coeffi-
cient, [A] is the agonist concentration, and ECsq is the ago-
nist concentration that produces half-maximal response. The
logECs and ny from the individual experiments were used to
calculate the mean =+ standard error of mean (SEM). For
graphical presentation, a representative dataset + standard
deviation (SD) from an individual experiment was selected.
The maximal response evoked by glutamate (Fpax, giutamate) N
the same experiment was normalized to 1 and the minimal
response (Fmin) Was normalized to 0. The normalized data
points were then fitted to the Hill equation and plotted to-
gether with the resulting curve. Relative Fn.x was calculated
from a full concentration-response measurement as (Fmax,
agonist ~ Fmin)/(Fmax, glutamate ~ I:min), where Fmax, agonist and I:min is
the fitted values according to the Hill equation. Antagonist
concentration-response data was calculated using a similar
protocol, where instead of calculating the ECsp-value, the
concentration required to inhibit a response evoked by 10
UM glutamate by 50% (I1Cs) was calculated.

For electrophysiological recordings, agonist concentra-
tion-response data for individual oocytes were fitted to the
Hill equation. The logECso and ny from the individual oo-
cytes were used to calculate the mean = SEM. For graphical
presentation, datasets from individual oocytes were normal-
ized to the maximal response evoked by glutamate in the
same recording. The mean £ SEM was calculated for each of
the normalized data points. The averaged data points were
then fitted to the Hill equation and plotted together with the
resulting curve. Relative I« was calculated from a full con-
centration-response measurement as Imax, agonist/Imax, glutamates
where Imax, agonist IS the fitted value according to the Hill equa-
tion and Ipmay, giutamate 1S the maximal response evoked by glu-
tamate in the same recording.

The two-tailed Pearson test for correlation was used to
evaluate correlation between pECso-values or relative maxi-
mal responses obtained by [Ca®*]; measurements and TEVC
recordings.

RESULTS

Generation of cell lines with stable expression of
NMDA receptor subtypes. To minimize cytotoxicity in-
duced by NMDA receptor activation upon prolonged expo-
sure to glutamate and glycine present in the culture medium,
we decided to employ an inducible expression system. BHK-
21 cells were transfected with the pTet-On plasmid and
G418-resistant clones were isolated (See Materials and
Methods). The resulting BHK-21 pTet-On stable cell lines
constitutively express the “reverse” tetracycline-controlled
transactivator that in the presence of doxycycline (dox) binds
the tetracycline-response element and allows transcription of
the gene encoded by the response plasmid.

The BHK-21 pTet-On cells were co-transfected with the
response plasmid encoding NR1 controlled by the tetracy-
cline-response element (NR1 pTREZ2) and a plasmid encod-
ing one of the four NR2 subunits and the blasticidin S-
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resistance gene (NR2A-D pCI-IRES-bla). Cells were se-
lected for G418-resistance and blasticidin S-resistance and
clones expressing functional NMDA receptors were identi-
fied by [Ca®]i measurements. The functional expression of
NMDA receptors were identified by [Ca*']; measurements
both in the presence and absence of dox-induced expression
of NR1. Glutamate (100 uM) was applied to determine the
maximal response. To determine whether the glutamate-
evoked response was specific for NMDA receptor activation,
the response was inhibited by the open channel blocker MK-
801 (100 uM) (data not shown). For some clones, applica-
tion of MK-801 both inhibited the glutamate-evoked re-
sponses and the baseline fluorescence, indicating that there is
basal activation of the NMDA receptors during the [Ca®"];
measurements.

The clones showing high maximal responses assessed by
application of glutamate (100 uM) and low levels of basal
activation assessed by MK-801 (100 uM) were selected for
further characterization. As shown in Fig. 1, clones with no
or very low basal NMDA receptor activation were isolated
for the NR1/NR2A, NR1/NR2B, and NR1/NR2C cell lines,
whereas all NR1/NR2D cell lines exhibited a basal activa-
tion.
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In order to identify conditions with an optimal ratio be-
tween the glutamate-induced response and the level of basal
activation [Ca®*]; measurements were performed before and
after dox-induction (data not shown). Surprisingly, a strong
glutamate-induced [Ca®*]; signal was observed for the
NR1/NR2A, NR1/NR2B, and NR1/NR2C cell lines without
dox-induction, suggesting that “leaky” transcription of the
NR1 gene yields sufficient functional receptors despite the
intended Tet-transcriptional control system. Dox-induction
of NR1 expression at the NR1/NR2A, NR1/NR2B, and
NR1/NR2C cell lines increased both the glutamate-induced
response and the level of basal activation resulting in a lower
ratio (data not shown). Dox-dependent induction of NR1
expression was necessary in order to obtain glutamate-
induced responses at the NR1/NR2D cell line, but the gluta-
mate-induced responses were still relatively small due to
apparent high basal activation at the NR1/NR2D cell line
(Fig. 1). In order to maximize the glutamate-evoked re-
sponses and minimize the levels of basal activation, experi-
ments with the NR1/NR2A, NR1/NR2B, and NR1/NR2C
cell lines were subsequently performed without dox-
induction.
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Fig. (1). Representative time-sequences of [Ca?*]; measurements at four different cell lines with stable expression of NMDA receptor sub-
types. Maximal response is determined by co-application of 100 uM glutamate and 20 uM glycine (o), and basal activation is determined by
application of 100 uM MK-801 (m). The dotted line represents baseline fluorescence change. The results are displayed as F-Fyqs, Where F is
the fluorescence measured after application of glutamate or MK-801. All data points are represented as mean + SD of 4-6 wells.
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Characterization of glutamate and glycine at NMDA
receptor subtypes expressed in stable cell lines and in
Xenopus oocytes. The utility of [Ca®']; measurements to
characterize ligands at NMDA receptors expressed in stable
cell lines depends on the ability of the assay to determine
reliable and reproducible concentration-response data that
correlate with results obtained using electrophysiological
methods. We initially determined the concentration-response
relationship for glutamate using [Ca’‘]; measurements at
NMDA receptors expressed in the stable cell lines. The re-
sults were compared with corresponding data from charac-
terization of glutamate using TEVC recordings at NMDA
receptors expressed in Xenopus oocytes. The ECsp-values of
glutamate (in the presence of 20 uM glycine) determined by
TEVC recordings are 1.8-fold (NR1/NR2A), 2.2-fold

[Ca?*]; measurements

Hansen et al.

(NR1/NR2B), 1.7-fold (NR1/NR2C), and 2.4-fold
(NR1/NR2D) higher than those obtained by [Ca®']; meas-
urements at the corresponding cell line (NR1/NR2A-D) (Fig.
2, Tables 1 and 2). The rank order of potencies for glutamate
at the different NMDA receptor subtypes is the same in the
two systems, namely NR1/NR2D > NR1/NR2C =
NR1/NR2B > NR1/NR2A.

Obtaining concentration-response data at the glycine site
was more problematic, since co-application of 100 uM glu-
tamate and 5 uM glycine elicited responses that were similar
in magnitude to responses elicited by 100 uM glutamate
alone without application of glycine (data not shown).
Moreover, responses to co-application of 100 uM glutamate
and 5 uM glycine were completely inhibited by excess of
glycine-site antagonist (300 uM DCKA), suggesting that the
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Fig. (2). (A) Representative time-sequences of fluorescence responses to increasing concentrations of glutamate (in the presence of 20 uM
glycine) at the NR1/NR2A cell line. The data points are displayed as F—Fyqsa, Where F is the fluorescence measured after application of glu-
tamate or buffer. Data points are represented as mean = SD of 4-6 wells. Concentration-dependent relaxations of response amplitudes were
not observed and responses consistently reached steady-state plateaus. (B) Representative mean concentration-response curves for glutamate
determined by [Ca®']; measurements at NMDA receptor subtypes expressed in stable cell lines. The maximal fluorescence response to glu-
tamate (Frmax) is normalized to 1, and the minimal response (Fni,) is normalized to 0. Data points are represented as mean + SD of 4-6 wells.
(C) Representative current responses obtained from a TEVC recording on a Xenopus oocyte expressing NR1/NR2A receptors. Currents were
evoked by application of glutamate at the concentration indicated above each response. (D) Mean concentration-response curves for gluta-
mate determined by TEVC recordings at NMDA receptor subtypes expressed in Xenopus oocytes. The maximal current (Ia) in response to
glutamate is normalized to 1. Glycine (20 uM) was included in all applications. Data points are represented as mean = SEM of at least 3 oo-

cytes. All ECsg-values are listed in Tables 1 and 2.
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glycine-site is saturated during the [Ca®']; measurements.
Saturation of the glycine-site at the NR1 subunit has been
reported previously for similar assay systems without con-
tinuous perfusion of the cells with assay buffer [8, 9].
Consequently, ligand characterization at the glycine site will
require continuous perfusion as done during TEVC record-
ings on Xenopus oocytes. Concentration-response relation-
ships for glycine at NMDA receptor subtypes were deter-
mined using TEVC recordings, and the rank order of poten-
cies for glycine (in the presence of 30 uM glutamate) at the
different NMDA receptor subtypes was NR1/NR2D >
NR1/NR2C = NR1/NR2B > NR1/NR2A (Table 1).

Comparison of agonist concentration-response data
determined by [Ca®*"]; measurements and TEVC record-
ings. In order to further evaluate the utility of the [Ca’'];
measurements as a general approach to characterize agonists
at NMDA receptors, we decided to compare agonist poten-
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cies and relative maximal responses obtained using [Ca®'];
measurements with parallel data obtained using TEVC re-
cordings on Xenopus oocytes. For this purpose, five gluta-
mate-site agonists (aspartate, NMDA, AMAA, ibo, and thio-
ibo; See Fig. 3A for chemical structures) were characterized
by [Ca*"]; measurements at NR1/NR2A, NR1/NR2B, and
NR1/NR2C receptors (Fig. 3B and Table 2) and by TEVC
recordings at NR1/NR2A, NR1/NR2B, NR1/NR2C, and
NR1/NR2D receptors (Table 1). In general, aspartate is more
potent than NMDA, and ibo is more potent than thio-ibo. At
NR1/NR2A receptors, AMAA is more potent than NMDA.
The highest selectivity was observed for aspartate by TEVC
recordings being 9-fold more potent at NR1/NR2D com-
pared to NR1/NR2A.

There was significant correlation (two-tailed Pearson
test; see Materials and Methods) between pECsp-values

Table 1. Pharmacological Characterization of Ligands at NMDA Receptors Expressed in Xenopus Oocytes (TEVC Recordings)
NR1/NR2A NR1/NR2B NR1/NR2C NR1/NR2D
Agonist
ECs (M) Relative ECs (M) Relative ECs (M) Relative ECs (M) Relative
[pECSO] Imax [pECSO] Imax [pECSO] Imax [pECSO] Imax
(S)- 29 1 1.8 1 1.0 1 0.45 1
glutamate [5.53+0.08] [5.75+0.03] [5.99+0.05] [6.34+0.03]
75 22 23 8.3
+ + + +
NMDA [4.13£0.07] 0.90+0.04 [4.6620.03] 0.7740.01 [4.63£0.02] 0.73+0.02 [5.08+0.04] 0.80+0.02
40 13 22 5.7
- + + + +
(S)-aspartate [4.40+0.02] 0.99+0.03 [4.89+0.01] 0.7510.02 [4.66+0.01] 1.03+0.01 [5.24+0.01] 0.87+0.01
31 45 40 15
+ + + +
AMAA [4.51%0.03] 0.0940.01 [4.3520.07] 0.58+0.02 [4.39£0.01] 0.36+0.01 [4.83£0.03] 0.7240.02
. 40 27 39 17
ibo [4.40+0.04] 0.68+0.07 [4.58+0.02] 0.76+0.04 [4.41+0.05] 0.66+0.02 [4.77+0.02] 0.78+0.01
- 130 109 112 49
thio-ibo [3.88+0.04] 0.62+0.06 [3.96+0.02] 0.79+0.02 [3.95+0.02] 0.57+0.01 [4.31+0.05] 0.731+0.01
HQ* 1615 - 26+3 - 5615 - 7514 -
Iveine 1.2 i 0.16 i 0.17 i 0.069 i
gy [5.93+0.05] [6.80+0.01] [6.7620.02] [7.1620.02]
Antagonist 1Cs (M) Estimated 1Cs (M) Estimated 1Cs (M) Estimated 1Cs (M) Estimated
[PICso] Ki (uM) [PICsd] Ki (uM) [PICsd] Ki (uM) [PICsd] Ki (uM)
0.39 2.8 5.9 21
AP5 [6.41+0.01] 0.0910.01 [5.55+0.01] 0.4310.01 [5.23+0.01] 0.54+0.02 [4.68+0.02] 0.91+0.01
(R)—CPPb - 0.04+0.01 - 0.27+0.02 - 0.63+0.05 - 1.99+0.20
memantine® 4.36 - 12 - 0.601 - 0.820 -
PCP® 0.821 - 0.155 - 0.163 - 0.22 -
(+)-MK-801° 0.015 - 0.009 - 0.024 - 0.038 -
ifenprodil® 40 - 0.11 - 29 - 76 -

Parameters measured by TEVC recordings. Mean pECs, £ SEM (shown in brackets) and the corresponding ECse-values (in uM) as well as relative Iyn., £ SEM (relative to I of
glutamate) were calculated from full concentration-response curves. For all agonist data, the Hill coefficients were between 1.1 and 1.8, and the number of oocytes was between 3

and 12.

Inhibition of NMDA receptor subtypes by increasing concentrations of AP5 was performed using 10 uM glutamate. The mean pICs, £ SEM (shown in brackets) and the correspond-
ing 1Cs-value (in uM) were calculated from full concentration-response curves. For AP5, the Hill coefficients (ny) were between -1.3 and -1.5 and the number of oocytes was 5. The
estimated Kj-values were calculated from the corresponding ICse-values according to the functional Cheng-Prusoff relationship [32]. The functional Cheng-Prusoff relationship use
the assumption that n, = 1 and the calculated Kj-values are therefore only estimates of the ‘real’ K-values that can be determined using Schild analysis [33, 34].

?Data from [35].

°Data from [18].

°Data from [19]; voltage-clamped at -40 mV.
“Data from [23]; human NMDA receptors.
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Table 2. Pharmacological Characterization of Ligands at NMDA Receptors Expressed in BHK-21 Cells ([Ca?*]; Measurements)
NR1/NR2A NR1/NR2B NR1/NR2C NR1/NR2D
Agonist
ECs (M) Relative ECs (M) Relative ECs (M) Relative ECs (M) Relative
[pECSO] Fmax [pECSO] Fmax [pECSO] Fmax [pECSO] Fmax
16 0.81 0.60 0.19
(S)-glutamate | 15 7810 10] 1 [6.09+0.07] 1 [6.22+0.06] 1 [6.72+0.11] 1
22 13 12
NMDA [4.65+0.19] 0.69+0.10 [4.90+ 0.06] 0.49+0.05 [4.92+0.02] 0.80+0.06 - -
11 54 3.7
(S)-aspartate [4.97+0.11] 0.96+0.02 [5.27+0.08] 0.51+0.01 [5.43+0.10] 0.84+0.02 - -
16 13 15
AMAA [4.8140.21] 0.20+0.03 [4.88+0.03] 0.51+0.05 [4.81+ 0.06] 0.28+0.04 - -
. 16 18 14
ibo [4.79+0.15] 0.80+0.07 [4.75+ 0.05] 0.64+0.04 [4.84+0.06] 0.55+0.01 - -
L 67 76 62
thio-ibo [4.17+0.13] 0.84+0.02 [4.12+0.08] 0.75%0.07 [4.21+0.06] 0.53+0.08 - -
11 14 28
HQ [4.97+0.05] 0.80+0.05 [4.84+0.02] 0.69+0.03 [4.56+0.07] 0.2610.04 - -
0.76 0.23 0.25
TZG [6.120.01] 1.01+0.04 [6.64+0.05] 0.78+0.03 [6.60+0.06] 0.82+0.06 - -
0.23 0.11 0.12
CCG [6.65+0.15] 0.99+0.07 [6.96+0.11] 1.02+0.14 [6.9140.02] 0.86+0.16 - -
0.67 0.83 11
trans-ACBD [6.18+0.03] 0.93+0.05 [6.08+0.04] 0.7510.01 [5.97+0.09] 0.56+0.09 - -
. 16 24 16
cis-ACPD [4.78+0.09] 0.76+0.03 [4.62+0.10] 0.71+0.03 [4.80+0.02] 0.50+0.03 - -
Antagonist 1Cs (M) Estimated K; 1Cs (M) Estimated K; 1Cs (M) Estimated K; 1Cs (M) Estimated
[PICso] (M) [PICso] (M) [PICso] (M) [PICso] Ki (uM)
5.8 43 80
APS [5.23t003] | 088026 | 14371005] 2.7%03 [4.1040.05] 4.2403 - -
0.55 3.2 14
(R)-CPP [6.26+0.07] 0.07+0.01 [5.50+0.06] 0.22+0.04 [4.84+0.03] 0.78+0.08 - -
0.34 0.48 0.48
LY235959 [6.47+0.06] 0.032+0.003 [6.32+0.01] 0.031+0.009 [6.32+0.03] 0.0224+0.003 - -
memantine 1 - 2.0 - 1.9 - - -
[4.96+0.05] [5.7140.11] [5.7140.07]
PP 14 i 0.31 i 19 i i i
[5.85+0.08] [6.51+0.27] [5.73+0.20]
0.16 0.12 0.95
(+)-MK-801 | 15 7940.09] - [6.92+0.12] - [6.020.09] - - -
ifenprodil 419 - 0-52 - 260 - - -
P [3.38+0.06] [6.28+0.05] [3.59+0.07]

Parameters measured by [Ca*']; measurements. Mean pECs, = SEM (shown in brackets) and the corresponding ECse-values (in M) as well as relative Fp., = SEM (relative to Foax
of glutamate) were calculated from full concentration-response curves. For all agonist data, the Hill coefficients were between 1.0 and 1.8, and the number of experiments was be-
tween 3 and 6. Inhibition of NMDA receptor subtypes by increasing concentrations of antagonist was performed using 10 uM glutamate. Mean pICs, = SEM (shown in brackets) and
the corresponding ICse-values (in uM) were calculated from full concentration-response curves. The Hill coefficients were between -0.8 and -1.9 and the number of oocytes 3 or 4.
The ICs, and glutamate ECs, obtained in one individual experiment were used to calculate the estimated Kj-values according to the functional Cheng-Prusoff relationship [32], and
the estimated Kj-values of all experiments were used to calculate the mean estimated K; £ SEM. The functional Cheng-Prusoff relationship use the assumption that ny = 1 and the
calculated Kj-values are therefore only estimates of the ‘real’ K-values that can be determined using Schild analysis [33, 34].
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determined by [Ca*']; measurements and TEVC recordings Characterization of antagonists at NMDA receptor
with the following coefficients of determination: r* = 0.95 at subtypes. For a more general characterization, three com-
NR1/NR2A (P < 0.01), r* = 0.95 at NR1/NR2B (P < 0.01), petitive antagonists acting at the glutamate-site and three
and r* = 0.92 at NR1/NR2C (P < 0.01). However, there was a channel blockers were characterized at the NR1/NR2A,
tendency that the ECso-values determined by [Ca®*]; meas- NR1/NR2B, and NR1/NR2C cell lines. Characterization of
urements were lower than the corresponding ECso-values competitive antagonists revealed the following rank order of
determined by TEVC recordings (Fig. 4A). potencies at NR1/NR2B and NRI1/NR2C receptors:
LY235959 > CPP > AP5, whereas at LY235959 and CPP
were equipotent at NR1/NR2A receptors (LY235959 ~ CPP

cordings was observed for NRL/NR2A (r? = 0.78; P < 0.05) > AP5) (Fig. 5A and Table 2). The rank order of potencies

for AP5 and CPP is NR1/NR2A > NR1/NR2B >
and NR1/NR2C (r® = 0.85; P < 0.05), but not for NR1/NR2B .
(2 = 0.22). This may be explained by the fact that the rela- NR1/NR2C, whereas LY235959 is equally potent at these

- : : NMDA receptor subtypes. The rank orders of potencies for
tive maximal responses determined at NR1/NR2B receptors - s Mg
lie within a narrow range compared to those determined at APS5 and CPP obtained by [Ca”]i measurements are similar

: to those determined by TEVC recordings (Table 1). The
NR1/NR2A and NRI/NR2C receptors (Fig. 4B). 1Cso-values of AP5 determined by [Ca2+]i measurements are

Significant correlation between relative maximal re-
sponses determined by [Ca®']; measurements and TEVC re-
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Fig. (3). (A) Chemical structures of agonists characterized at recombinant NMDA receptors in the present study. The depicted structure of
cis-ACPD is the NMDA receptor-selective enantiomer (1R,3R)-1-aminocyclopentane-cis-1,3-dicarboxylic acid, but the cis-ACPD character-
ized in this study is a 1:1 mixture of the (1R,3R)-enantiomer and the (1S,3S)-enantiomer. Ibotenic acid (ibo), thioibotenic acid (thio-ibo),
AMAA, and tetrazolylglycine (TZG) are characterized as racemates. The depicted structures are the fully protonated and uncharged forms of
the ligands. (B) Representative mean concentration-response curves for aspartate, NMDA, AMAA, ibo, and thio-ibo determined by [Ca?"];
measurements at NR1/NR2A (left), NR1/NR2B (middle), and NR1/NR2C (right) receptors expressed in stable cell lines. (C) Representative
mean concentration-response curves for CCG, trans-ACBD, cis-ACPD, HQ, and TZG determined by [Ca?']; measurements at NR1/NR2A
(left), NR1/NR2B (middle), NR1/NR2C (right) receptors expressed in stable cell lines. The maximal fluorescence response to glutamate (Fpax,
glutamate) 1S Normalized to 1, and the minimal response (Fmin) is normalized to 0. The fluorescence responses to the agonists are normalized to
Frmax, glutamate- Data points are represented as mean + SD of 4-6 wells. The ECsp-values are listed in Table 2.
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Fig. (4). (A) Correlation between ECsp-values of agonists at NR1/NR2A (left), NR1/NR2B (middle), NR1/NR2C (right) receptors deter-
mined by [Ca?"]; measurements and TEVC recordings. ECso-values are listed in Tables 1 and 2. The dotted line represents a situation where
the ECso-value determined by [Ca?']; measurements is identical to the corresponding ECsp-value determined by TEVC recordings. (B) Corre-
lation between relative maximal responses of agonists at NR1/NR2A (left), NR1/NR2B (middle), NR1/NR2C (right) receptors determined
by [Ca2+]i measurements and TEVC recordings. The relative I.-values are listed in Table 1 and the relative F.c-values are listed in Table 2.
The dotted line represents a situation where the relative Fpsy determined by [Ca?"]; measurements is identical to the corresponding relative

Imax determined by TEVC recordings.

14- to 15-fold higher than those obtained by TEVC record-
ings, and the corresponding estimated K;-values are 6.3- to
9.8-fold higher. On the other hand, our estimated Kj-values
for CPP determined by [Ca®']; measurements are in agree-
ment with those determined in a previous study by TEVC
recordings [18]. LY235959 has not previously been charac-
terized at recombinant NMDA receptors.

Memantine, PCP, and MK-801 are open channel blockers
that inhibit NMDA receptors in a voltage- and use-dependent
manner [19, 20]. Previous studies have characterized me-
mantine [19-21], PCP [19] and MK-801 [19, 22] by TEVC
recordings. We have characterized memantine, PCP, and
MK-801 by [Ca*]i measurements at NR1/NR2A,
NR1/NR2B, and NR1/NR2C receptors (Fig. 5B and Table
2). MK-801 is ~10-fold and memantine and PCP were ~2-
fold more potent at inhibiting NR1/NR2A and NR1/NR2B
receptors when characterized by TEVC recordings (Table 1)
than by [Ca*']; measurements (Table 2). At NR1I/NR2C re-
ceptors, these differences were 3.2-, 11-, and 40-fold for

memantine, PCP, and MK-801, respectively. These discrep-
ancies are likely a result of differences in membrane poten-
tials, since the TEVC recordings are performed under volt-
age-clamped conditions. Although the cells are not voltage-
clamped during [Ca*']; measurements, saturating concentra-
tions of memantine, PCP, or MK-801 were able to consis-
tently inhibit glutamate-evoked responses by 100% (data not
shown).

The 1Cso-values of the NR2B-selective non-competitive
antagonist ifenprodil have previously been determined by
TEVC recordings at human NMDA receptors to be 360-fold
and 260-fold higher at NR1/NR2A and NR1/NR2C recep-
tors, respectively, relative to at NR1/NR2B receptors (Table
1) [23]. Using [Ca®*]; measurements, the 1Csq-values of ifen-
prodil at rat NMDA receptors are 800-fold and 500-fold
higher at NR1/NR2A and NR1/NR2C receptors, respec-
tively, relative to those at NR1/NR2B receptors (Table 2).
These data confirm the subtype-selectivity of ifenprodil and
demonstrate that the stable cell lines in conjunction with
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Fig. (5). (A) Representative mean concentration-response curves for inhibition of glutamate-evoked responses by competitive antagonists
determined by [Ca2+]i measurements at NR1/NR2A (left), NR1/NR2B (middle), and NR1/NR2C (right) receptors expressed in stable cell
lines. (B) Representative mean concentration-response curves for inhibition of glutamate-evoked responses by channel blockers determined
by [Ca?"]; measurements at NR1/NR2A (left), NRL/NR2B (middle), and NR1/NR2C (right) receptors expressed in stable cell lines. The re-
sponses were evoked by co-application of 10 uM glutamate and 20 uM glycine. Data points are represented as mean = SD of 4-6 wells. The

ICsg-values are listed in Table 2.

[Ca?']; measurements can be used to identify and character-
ize subtype-selective NMDA receptor antagonists.

Characterization of agonists at NMDA receptor sub-
types expressed in stable cell lines. In order to identify po-
tential subtype-selectivity among known NMDA receptor
agonists, we expanded the characterization of agonists with
three conformationally constrained analogues of glutamate,
namely CCG, trans-ACBD, and cis-ACPD, as well as TZG,
which are potent and NMDA receptor-selective agonists that
previously have been characterized by binding and electro-
physiology at native NMDA receptors [24-27] and recently
also using TEVC recordings [28]. We characterized these
agonists as well as another conformationally constrained
analogue of glutamate, namely HQ, at NR1/NR2A,
NR1/NR2B, and NR1/NR2C receptors using [Ca*']; meas-
urements (Fig. 3C and Table 2). Chemical structures are
shown in Fig. 3A.

The pharmacological characterization of the agonists
confirms the results obtained at native NMDA receptors re-
garding agonist potencies. CCG and TZG are more potent
than glutamate at all the characterized NMDA receptor sub-
types, and glutamate and trans-ACBD are in general equally
potent. The observed selectivity profile for HQ in the [Ca*'];
assay (NR1/NR2A > NR1/NR2B > NR1/NR2C) (Table 2)
has been confirmed by others using TEVC recordings (Table
1). However, subtype-selectivity was not observed for any of
the characterized agonists. The highest selectivity was ob-

served for TZG being ~3-fold more potent at NR1/NR2B
and NR1/NR2C compared to NR1/NR2A.

DISCUSSION

Expression system for stable NMDA receptor-expres-
sing cell lines. When expressing NMDA receptors in mam-
malian cell lines, the major obstacle is to obtain sufficient
expression levels to perform the relevant assays without
causing NMDA receptor-mediated cytotoxicity. To over-
come this obstacle, we took three precautions. First, the cul-
ture medium was supplemented with two NMDA receptor
antagonists acting at the glutamate-site and glycine-site, re-
spectively. Second, an expression system with inducible ex-
pression of the NR1 subunit and constitutive expression of
the NR2 subunit was utilized to reduce the number of func-
tional NMDA receptors present during maintenance of the
cell lines. Finally, the BHK-21 cell line endogenously ex-
press transport system for high affinity uptake of glutamate
and aspartate [29], and therefore, this cell line was used as
parental cell line in order to reduce glutamate and aspartate
in the culture medium. The majority of the previously de-
scribed cell lines with stable expression of NMDA receptors
have been cultured in the presence of the open channel
blocker ketamine in order to prevent cytotoxicity [6-9, 11,
12]. Although ketamine is an uncompetitive antagonist and
therefore offers effective blockade of the NMDA receptors
independent of agonist concentration, the usage of open
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channel blockers raises concern related to the slow dissocia-
tion rate of these compounds and the possibility that bound
channel blocker may interfere with the functional assay. The
cell lines presented in this study are cultured in the presence
of the glutamate-site antagonist AP5 and the glycine-site
antagonist DCKA. These competitive antagonists are readily
washed out prior to the functional assay, but their capacity to
inhibit the expressed NMDA receptors is also more sensitive
to the concentrations of glutamate/aspartate and glycine in
the culture medium. However, build-up of glutamate and
aspartate concentrations will be limited by the endogenous
transporters of the BHK-21 cells.

It was not necessary to induce expression of the NR1
subunit before performing [Ca®']; measurements with the
three stable cell lines expressing NR1/NR2A, NR1/NR2B, or
NR1/NR2C receptors, suggesting that “leaky” expression of
the NR1 subunit provide a suitable balance between NMDA
receptor expression levels and cytotoxicity. By contrast, in-
duction of NR1 expression was required for detectable ex-
pression of the NR1/NR2D receptors. A reasonable explana-
tion to the observed dependencies on NMDA receptor ex-
pression levels for the individual cell lines could be that the
balance between these levels and cytotoxicity is determined
by the properties of the expressed NR2 subunit. The ECsq of
glutamate is 6.4-fold higher at NR1/NR2A receptors relative
to at NR1/NR2D receptors (determined by TEVC record-
ings), and the order of glutamate potencies is NR1/NR2D >
NR1/NR2C = NR1/NR2B > NR1/NR2A, making the
NR1/NR2D cell line most sensitive to contaminating gluta-
mate in the culture medium or assay buffer.

Clones showing low levels of basal activation were se-
lected for the cell lines expressing NR1/NR2A, NR1/NR2B,
and NR1/NR2C receptors. Despite considerable effort, it was
not possible to isolate NR1/NR2D receptor-expressing
clones with low basal activation, suggesting that the basal
activation is due to the presence of contaminating gluta-
mate/aspartate and glycine in the assay buffer. BHK-21 cells
are known to contain a large pool of intracellular glutamate
[29], and studies on metabotropic glutamate receptors ex-
pressed in BHK-21 cells have demonstrated that glutamate
can be extruded within minutes after wash with assay buffer
[30]. Given the order of glutamate potencies at the NMDA
receptor subtypes (NR1/NR2A-D), this will generate the
highest levels of basal activation at clones expressing
NR1/NR2D receptors. Only very low levels of basal activa-
tion were detected for the cell lines expressing NR1/NR2A,
NR1/NR2B, and NR1/NR2C receptors (Fig. 1), and we
therefore argue that any potential presence of contaminating
glutamate/aspartate in the assay buffer is not affecting the
characterization of ligands at these expressed NMDA recep-
tor subtypes.

Evaluation of concentration-response data obtained at
recombinant NMDA receptors. We compared concentra-
tion-response data obtained by [Ca’']; measurements with
data obtained by TEVC recordings in order to evaluate the
utility of [Ca®]; measurements to characterize ligands at
NMDA receptors expressed in stable cell lines. With respect
to competitive antagonists, only concentration-response data
for AP5 were compared in this way and we are therefore
unable to conclude whether the [Ca®*]; measurements at the
NMDA receptor cell lines can reliably report on competitive

Hansen et al.

antagonist pharmacology. With respect to agonists, there was
good correlation between the ECsp-values determined by the
two assays, although the ECso-values determined by [Ca®'];
measurements were marginally lower than those determined
by TEVC recordings. The difference could suggest satura-
tion of the [Ca®']; signal at non-maximal concentrations.
However, the good correlation between the maximal re-
sponses determined by the two methods makes this a less
likely explanation. It is possible that the observed differences
in the measured ECsg-values are simply explained by the
marked differences that exist between the two heterologous
expression systems (BHK-21 vs Xenopus oocytes) and the
two functional assays ([Ca®']i measurements vs TEVC re-
cordings).

Eleven agonists, three competitive antagonists, three
open channel blockers, and one non-competitive antagonist
were characterized using [Ca®']; measurements. However,
this fluorescence-based assay, which is an indirect measure-
ment of NMDA receptor function, is sensitive to several po-
tential problems, such as intracellular buffering or sequestra-
tion of [Ca®'];, differences in dye loading efficiency, and
autofluorescence by cellular constituents or the ligand itself
[31]. Nevertheless, based on the concentration-response data
of the ligands at the stable cell lines and the observed corre-
lation with parallel data obtained by direct measurements of
receptor function (TEVC recordings), it appears that poten-
tial artifacts of the fluorescence-based readout have only
minor, if any, influence on the reported pharmacology of the
ligands.

CONCLUSION

In the present study, we describe a general approach to
establish cell lines with stable expression of NMDA receptor
subtypes. Furthermore, we characterize a range of ligands at
different NMDA receptor subtypes expressed in stable cell
lines and in Xenopus oocytes using either [Ca®"]; measure-
ments or TEVC recordings, respectively. These data repre-
sent a comprehensive characterization of ligands at recombi-
nant NMDA receptor subtypes and demonstrate that stable
NMDA receptor-expressing cell lines can be used to gener-
ate reliable concentration-response data for agonists acting at
the glutamate binding site of NR1/NR2A, NR1/NR2B, and
NR1/NR2C NMDA receptor subtypes. Although the utility
of stable cell lines to report on the pharmacology of the
NR1/NR2D subtype and ligands acting at the glycine bind-
ing site may be less reliable, these data show that assays us-
ing fluorescence measurements provide a valuable approach
for understanding of drug actions at NMDA receptors. By
sharing knowledge of steps and considerations important for
generation of stable cell lines expressing NMDA receptors,
we have provided a basis for high throughput screening as
well as pharmacological characterization of NMDA recep-
tors.
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ABBREVIATIONS

AMAA =

(R,S)-2-Amino-2-(3-hydroxy-5-methyl-
isoxazol-4-yl)acetic acid

AP5 = (R,S)-2-Amino-5-phosphonopentanoic
acid
CCG = (2S,3R,4S)-a-(Carboxycyclopro-
pyDglycine
cis-ACPD = (%)-1-Aminocyclopentane-r-1,cis-3-dicar-
boxylic acid
CPP = (R)-4-(3-Phosphonopropyl)piperazine-2-
carboxylic acid
DCKA = 5,7-Dichlorokynurenic acid
dox = Doxycycline
FLIPR = Fluometric imaging plate reader
HQ = Homoquinolinic acid
ibo = (R,S)-Ibotenic acid
NMDA = N-Methyl-D-aspartate
PCP = Phencyclidine
TEVC = Two-electrode voltage-clamp
thio-ibo = (R,S)-Thioibotenic acid
trans-ACBD = 1-Aminocyclobutane-r-1,cis-3-dicar-
boxylic acid
TZG = (R,S)-(Tetrazol-5-yl)glycine
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