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SUMMARY

N-Methyl-p-aspartate (NMDA) receptor antagonists show ther-
apeutic potential as neuroprotectants, analgesics, and anticon-
vulsants. In this context, we used electrical recording tech-
niques to study the in vitro pharmacology of two novel
quinoxalinediones, i.e., ACEA-1021 and ACEA-1031 (5-nitro-
6,7-dichloro- and 5-nitro-6,7-dibromo-1,4-dihydro-2,3-qui-
noxalinedione, respectively). Assays with NMDA receptors ex-
pressed by rat brain poly(A)* RNA in Xenopus oocytes and with
NMDA receptors in cultured rat cortical neurons indicated that
ACEA-1021 and ACEA-1031 are potent competitive antago-
nists at NMDA receptor glycine sites. Apparent dissociation
constants (K, values) for ACEA-1021 and ACEA-1031 ranged
between 6 and 8 nm for oocyte assays and between 5 and 7 nm
for neuronal assays. Cloned NMDA receptors expressed in
oocytes showed up to 50-fold variation in sensitivity, depend-
ing upon subunit composition. For example, using fixed agonist
concentrations (10 um glycine and 100 um glutamate) IC5,
values for ACEA-1021 with four binary combinations were as

follows: NMDA receptor (NR)1A/2A, 29 nm; NR1A/2B, 300 nm;
NR1A/2C, 120 nm; NR1A/2D, 1500 nm. Measurement of EC,
for glycine and calculation of K,, for the inhibitors indicated that
differences in ICs, values are due to subunit-dependent varia-
tions in glycine affinity (EC5, ranged between ~0.1 and 1 um)
combined with variations in affinity of the antagonists them-
selves (K, of ~2-13 nm). In addition to the strong antagonism of
NMDA receptors, ACEA-1021 and ACEA-1031 were also mod-
erately potent competitive inhibitors of non-NMDA receptors
activated either by a-amino-3-hydroxy-5-methylisoxazole-4-
propionic acid or by kainate. Antagonist affinities were similar
whether measured with receptors expressed by rat brain
poly(A)* RNA in cocytes (K,, of 1-2 um) or with cultured neurons
(K, of 1.5-3.3 um). Our results suggest that the in vivo neuro-
protective actions of ACEA-1021 and ACEA-1031 are predom-
inantly due to inhibition at NMDA receptor glycine sites, al-
though additional inhibition at non-NMDA receptors may play
an ancillary role.

Channel gating at NMDA receptors is effected by two li-
gands, glutamate and glycine, acting in conjunction at dis-
tinct binding sites (1). Experiments in Xenopus oocytes and
cultured neurons suggest that NMDA by itself causes only
low levels of channel activation, indicating that glycine
should be considered a “coagonist” at NMDA receptors (2—4).
Although details remain uncertain, evidence from electro-
physiological and biochemical studies suggests that glycine
and glutamate binding sites are allosterically coupled (e.g.,
Refs. 5 and 6) and that glycine reduces one form of receptor
desensitization by increasing the rate of recovery from de-
sensitized states (4, 7).

J.E.H. was supported by Grant NS30888 from the National Institutes of
Health. J.F.W.K. and E.-W. were supported in part by Grant RO1-DA06726
from the National Institute on Drug Abuse.

Studies at the molecular level have revealed a diversity of
NMDA receptor subunits, implying that a number of differ-
ent receptor subtypes are present in mammalian nervous
systems (8). This is supported by binding studies and phys-
iological evidence indicating that, depending on brain region
and stage of development, NMDA receptors can show differ-
ent pharmacologies or electrical properties (e.g., Refs. 5 and
9). At present, two classes of subunit have been identified, (i)
NR1 subunits, which are found in eight different isoforms
generated by alternative RNA splicing (10, 11), and (ii) NR2
subunits, which are found in four distinct subtypes, each
encoded by a separate gene (12-14). NR1A (adopting the
terminology used in Ref. 11) appears to be the predominant
isoform in adult rat brain. Expression studies in oocytes
suggest that NR1 subunits are sufficient to produce gluta-

ABBREVIATIONS: NMDA, N-methyl-p-aspartic acid; ACPD, 1-aminocyclopentane-1,3-dicarboxylic acid; AMPA, a-amino-3-hydroxy-5-methyli-
soxazole-4-propionic acid; BAPTA, 1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid; DMSO, dimethylsulfoxide; DNQX, 6,7-dinitroqui-
noxaline-2,3-dione; 5,7-diCIKA, 5,7-dichlorokynurenic acid; EGTA, ethylene glycol bis(8-aminoethyl ether)-N,N,N’',N'-tetraacetic acid; HEPES,
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; NR1 and NR2, N-methyl-p-aspartic acid receptor types 1 and 2.
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mate receptors with NMDA-like pharmacology and electrical
properties (10, 11). However, levels of functional receptor
expression in oocytes are >10-fold higher using combinations
of NR1 and NR2 subunits (13), and functional receptor ex-
pression in mammalian systems is detectable only with het-
ero-oligomeric expression (12). This has led to the idea that
hetero-oligomeric NMDA receptors more accurately repre-
sent the subunit composition of neuronal receptors. For the
NR2 subunits, in situ hybridization studies indicate strik-
ingly different patterns of localization in adult mammalian
brain (12-14). Generally speaking, NR2A and NR2B sub-
units are strongly expressed in forebrain structures, NR2C in
cerebellum, and NR2D in diencephalon and brainstem. Dis-
tribution of NR2 subunits also varies during the course of
development (14). Taken together, these results raise the
possibility that different NMDA receptor subtypes are in-
volved in discrete aspects of brain function and, hence, that
subtype-selective drugs should be able to regulate these pro-
cesses with a degree of specificity.

NMDA receptor antagonists show therapeutic potential as
neuroprotectants (15), anticonvulsants (16), and analgesics
(17). From a pharmacological perspective the glycine site
provides a target for controlling NMDA receptor activity,
which, depending on the circumstances, could have advan-
tages over the use of ligands acting via other sites (18, 19).
For example, glycine site antagonists do not appear to induce
neuronal vacuolation (vacuolization), a phenomenon that has
been a cause for concern with other types of antagonists (20),
and have relatively encouraging profiles of behavioral side
effects (21, 22). Glycine site antagonists can be divided into a
variety of classes (see Refs. 18, 19, and 23 for reviews), (i)
partial agonists and related compounds, (ii) kynurenic acids,
thiokynurenic acids, and the structurally related 2-car-
boxytetrahydroquinolines, (iii) indole-2-carboxylic acids, (iv)
dihydro-2,5-dioxo-3-hydroxy-1H-benzazepines (24), (v) qui-
noxalinediones and related compounds (25-28), and (vi)
3-acyl-4-hydroxy-, 3-nitro-3,4-dihydro-, and 3-phenyl-4-hy-
droxyquinolin-2(1H)-ones (29-31). The different classes of
antagonists show a wide range of potencies, selectivities, and
in vivo bioavailability (19, 29, 31).

Quinoxaline-2,3-diones were initially described as selective
ligands for the non-NMDA (AMPA/kainate) family of gluta-
mate receptors (3, 25, 27, 32). Molecules of this class are
usually considered to be moderate or low potency ligands at
NMDA receptor glycine sites, with modest levels of selectiv-
ity between NMDA and non-NMDA receptors and little abil-
ity to penetrate the blood/brain barrier (3, 25-28, 32, 33). We
report on two quinoxalinediones that contradict many of
these conceptions, i.e., ACEA-1021 (5-nitro-6,7-dichloro-1,4-
dihydro-2,3- quinoxalinedione) and the structurally related
molecule ACEA-1031 (5-nitro-6,7-dibromo-1,4-dihydro-2,3-
quinoxalinedione) (Fig. 1). Pharmacological characterization
of ACEA-1021 and ACEA-1031 has been prompted by con-
current studies that indicate that both compounds have sys-
temic bioavailability and are efficacious as neuroprotectants
in rat focal ischemia models of stroke (34). Furthermore,
ACEA-1021 does not appear to substitute for phencyclidine
in drug discrimination studies (35).

In the present study two assay systems were used to char-
acterize the basic in vitro pharmacology of ACEA-1021 and
ACEA-1031 at mammalian glutamate receptors, (i) Xenopus
oocytes, where drug potencies were assayed against NMDA,
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Fig. 1. Structures of ACEA-1021, ACEA-1031, 5,7-diCIKA, and DNQX.

non-NMDA, and metabotropic receptors expressed by rat
brain poly(A)* RNA and four putative NMDA receptor sub-
types expressed by mixtures of subunit-encoding cRNA, and
(ii) cultured rat cortical neurons, where ACEA-1021 was
assayed against NMDA and non-NMDA receptors. For pur-
poses of comparison, the oocyte studies included 5,7-diC1KA,
a selective glycine site antagonist, and DNQX, a quinoxaline-
2,3-dione showing selectivity for non-NMDA receptors
(Fig. 1).

Materials and Methods

Preparation of RNA. Total RNA from whole rat brain (including
cerebellum and a portion of the brainstem) was prepared using the
acid guanidinium/phenol method. Poly(A)* mRNA was isolated from
total cellular RNA by oligo(dT)-cellulose chromatography. All RNA
samples were stored in sterile water at —80° until needed.

c¢DNA clones encoding the NR1A, NR2A, NR2B, NR2C, and NR2D
rat NMDA receptor subunits were generously provided by Dr. P. H.
Seeburg (Heidelberg University, Heidelberg, Germany). The se-
quences and some functional properties of these clones, and their
mouse homologs, have been reported previously (e.g., Refs. 10, and
12-14). Clones were transformed into appropriate host bacteria and
plasmid preparations were made with conventional DNA purifica-
tion techniques. A sample of each clone was linearized by restriction
enzyme digestion and cRNA was synthesized with T3 RNA poly-
merase. The cRNA was diluted to 400 ng/ul and stored in 1-ul
aliquots until injection.

Xenopus oocyte expression system. Following established pro-
cedures (36), mature female Xenopus laevis were anesthetized
(20—40 min) using 0.15% 3-aminobenzoic acid ethyl ester (MS-222),
and two to four ovarian lobes were surgically removed. Oocytes at
developmental stages V-VI, and still surrounded by enveloping ovar-
ian tissues, were dissected from the ovary. Follicle-enclosed oocytes
were microinjected (pipette tip diameter, 20-30 um) with approxi-
mately 50 ng of whole-brain poly(A)* RNA or with 1:1 mixtures of
cRNA (NR1A plus NR2A, -2B, -2C, or -2D; ~2, 5, or 20 ng of RNA
encoding each receptor subunit). NR1A-encoding cRNA was injected
alone at 20 ng. In general, we aimed to restrict levels of expression
such that maximum currents, measured at the second phase, ranged
between 100 and 500 nA. Larger responses (e.g., >1 pA) were more
susceptible to contamination by secondary Ca?*-gated Cl~ currents.
Oocytes were stored in Barth’s medium [88 mM NaCl, 1 mm KCl, 0.41
mM CaCl,, 0.33 mM Ca(NOy),, 0.82 mM MgSO,, 2.4 mM NaHCO,, §
mM HEPES, pH 7.4, with 0.1 mg/ml gentamycin sulfate]. While
oocytes were still surrounded by enveloping ovarian tissues, the
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Barth’s medium was supplemented with 0.1% bovine serum. Oocytes
were defolliculated 1 day after injection by treatment with collage-
nase (0.5 mg/ml Sigma type I, for 0.5-1 hr), vortex-mixed to dislodge
epithelia, and subsequently stored in serum-free medium.

Electrical recordings were made, using a conventional two-elec-
trode voltage clamp (Dagan TEV-200), over periods ranging between
3 and 14 days after injection. Oocytes were placed in a 0.1-ml record-
ing chamber that was continuously perfused (5—~15 ml/min) with frog
Ringer solution (115 mM NaCl, 2 mM KCl, 1.8 mM CaCl,, 5 mMm
HEPES, pH 7.4). Drugs were applied by bath perfusion. The pH of all
solutions (particularly AMPA and kainate) was readjusted to 7.4
where necessary. When the more rapid flow rates were used, half-
times for mid-chamber solution changes were 2-3 sec. Exchange
rates for drug solutions at the oocyte surface (i.e., beneath the
vitelline envelope and among the tangles of microvilli) appeared to
be considerably longer. Zero-Ca?*/Ba?* Ringer solution was com-
posed of 115 mM NaCl, 2 mM KCl, 1.8 mm BaCl,, 5 mmM HEPES, pH
7.4. Intracocyte injections were made by pneumatic pressure-pulse
ejection from micropipettes (37). Injection solutions of EGTA (40400
mM) and BAPTA (50-500 mM) were made up in H,0, the pH was
adjusted to 7.4 with KOH or HCI, and the solutions were filtered to
minimize plugging (Acrodisc-13 filters, 0.2-um pore size). Pressure
was set between 200 and 400 kPa. The volume of injections was
regulated by adjusting the time of the pulses (0.1-1 sec) and was
estimated by measuring the diameters of ejected droplets.

Neuronal recordings. Primary dissociated cultures of cerebral
cortical neurons were prepared from newborn rats as described (24).
Cultures were used for electrophysiological recordings after 1-3
weeks in vitro. The culture dish was perfused at a rate of 1-5 ml/min
with Tyrode’s solution (150 mM NaCl, 4 mMm KCl, 2 mM CaCl,, 2 mM
MgCl,, 10 mM glucose, 10 mM HEPES, pH 7.4). Whole-cell pipettes,
pulled from Boralex glass capillaries (Rochester Scientific Co.), were
filled with an internal solution that contained 5§ mM CsCl, 10 mM
EGTA, 10 mM HEPES, and either 140 mM CsCHgSO; or 140 mM CsF
(pH adjusted to 7.4 with CsOH).

Excitatory amino acid agonists and antagonists were applied in an
external solution composed of 160 mM NaCl, 2 mM CaCl,, 500 nM
tetrodotoxin, and 10 mM HEPES, pH 7.4. The amplitude of agonist-
evoked currents were determined relative to the holding current in
control external solution, which lacked agonist. For experiments
with kainate and AMPA, 1 uM dizocilpine (MK-801) was added to the
external solution to ensure blockade of NMDA receptor channels.
Drug solutions were applied to the neurons from a linear array of
microcapillary tubes (2-ul Drummond Microcaps, 55-mm length).
The time constant for external solution exchange ranged from 30 to
100 msec. Whole-cell currents were recorded with an Axopatch 200
amplifier (Axon Instruments). Currents were filtered at 1-5 kHz (-3
dB, four-pole Bessel filter), digitized at 5§ kHz, and stored on com-
puter. Steady state currents were measured by averaging 1-5 sec of
data during the final third of each agonist application. Membrane
potentials have been corrected for a junction potential of —10 mV
between the internal solution and the Tyrode’s solution used to
perfuse the bath.

Data analysis. Agonist concentration-response curves were ana-
lyzed as described previously (24). The logistic equation (eq. 1) was
fit to the data for individual concentration-response relations by
adjusting the slope factor, n, and the parameter pEC;, (pECg, =
—log EC;,, where ECy, is the agonist concentration that produces a
half-maximal response) (Sigmaplot; Jandel Scientific).

I 1
I 1+ (10 ™C=/[agonist])" )

Apparent dissociation constants for the antagonists (K,, values) were
determined from a simultaneous fit of concentration-response data

in the presence and absence of inhibitor, using eq. 2.

I 1
= - = 2)
L. 10 pECu(l + [ant-agomst])
1+ 10
[agonist]

Concentration-inhibition curves were fit with eq. 3,

1 1
Toura 1+ ([antagonisty10-7Cy

3

in which I ..., is the current evoked by the agonist alone, pICs, is
—log ICy, (ICs, is the concentration of antagonist that produces
half-maximal inhibition), and n is the slope factor. The K, values for
antagonists were determined from inhibition curves using a Leff-
Dougall generalized form of the Cheng-Prusoff equation (38), eq. 4.

. ICs
t ™ {2 + ([agonist],/ECs)?}® — 1

where [agonist], is the fixed dose of agonist used to construct the
inhibition curve, ECy, is the half-maximal agonist concentration,
and b is the slope factor of the agonist concentration-response rela-
tion. In practice, the parameter 107PI°® wasg replaced in eq. 8 by
(10 PE)[([2 + ([agonist],/ECy)°1¥?) — 1], where n and pK, (—log K,)
were the two free parameters. The 95% confidence intervals for
PECs,, pICso, and pK, were obtained as the product of the standard
deviation for each parameter times the appropriate value from the ¢
distribution. In text and tables, confidence intervals have been trans-
formed to a linear scale. Unless otherwise stated, all data quoted in
the text are given as mean * standard error.

Inhibition curve experiments were useful for side-by-side assays of
the effects of different antagonists on a common response and, in the
case of cloned NMDA receptors, for assessing the relative activity
(ICso values) of inhibitors at receptor subtypes with different agonist
affinities. Concentration-response (Schild-type) experiments were
necessary to investigate the mechanism of inhibition. In most cases,
K, values were calculated using both approaches.

Statistical conformity to the simple competitive model was tested
by calculating ratios of residual variance according to eq. 5.

(S8, — SSY/(df; - dfr) ®)
SS./dfy

where S8, is the sum of squared deviations for individual fits (eq. 1),
S8, is the sum of squared deviations for the simultaneous fit (eq. 2),
df, is the degree of freedom (number of data points minus number of
fitted parameters) for individual fits, and df, is the degree of freedom
for the simultaneous fit.

Drugs. ACEA-1021 (m.p. 342-344°) and ACEA-1031 (m.p. 352-
354°) were synthesized by nitration of 6,7-dichloro-1,4-dihydroqui-
noxaline-2,3-dione and 6,7-dibromo-1,4-dihydroquinoxaline-2,3-di-
one, respectively, using KNO; and H,SO,. Details will be provided
elsewhere.! Both drugs gave satisfactory elemental analyses. 5,7-
diCIKA, DNQX, and AMPA were obtained from Research Biochemi-
cals (Natick, MA). BAPTA (cell-impermeant tetrapotassium salt)
was from Molecular Probes (Eugene, OR). All other drugs were from
Sigma Chemical Co.

Quinoxalinediones were initially dissolved at concentrations of
10-30 mM in DMSO. Dilutions were then made to generate a series
of DMSO stock solutions over the range of 0.3 uM—~30 mM. Working
solutions were made by 1000-3000-fold dilution of stock solutions
into Ringer solution. At these dilutions DMSO alone had no measur-
able effects on membrane current responses. As a vehicle control we
also assayed ACEA-1021 made up as a stock solution in 0.2 M Tris
with 0.5% (by volume) Tween-80 and 10% polyethylene glycol. This

4
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1J. F. W. Keana and E. Weber, unpublished observations.
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formulation showed no difference in potency compared with the
DMSO stock solutions. 5,7-diCIKA (10 mM) was made up in 10-20
mM NaOH, serial dilutions of stock solutions were in water, and
dilutions into Ringer solution had no measurable effect on pH.
DMSO stock solutions of quinoxalinediones were stored for up to 4
weeks in the dark at 4° without apparent reductions in potency.
Ringer solutions of drugs were made up fresh each day of use.

Results

Electrical Recordings from Xenopus Oocytes

NMDA receptors expressed by rat whole-brain
poly(A)* RNA. As reported previously for oocytes express-
ing rat brain poly(A)* RNA (2), NMDA (1-100 uM) or glycine
(0.1-10 uM) elicited minimal membrane current responses
when applied alone but activated large currents when coap-
plied. Membrane currents activated by NMDA/glycine were
inward at a holding potential of —70 mV and followed a
relatively complex time course involving an initial spike of
current, which decayed within 5-10 sec, followed by a second,
more slowly developing, peak (Fig. 2). Repeated exposures to
saturating concentrations of agonists resulted in some degree
of “run-down” of the response (10-60%), often followed by a
gradual increase (data not shown). The intracellular regula-
tory mechanisms responsible for these long term changes in
current amplitudes were not investigated.

In agreement with previous studies (39, 40), the initial
spike of current was abolished by switching to zero-Ca®*/
Ba?* Ringer solution or by injecting the oocyte with EGTA or
BAPTA (100-500 pmol; intracocyte concentration, ~0.2-1
mM) (37). This confirmed that the response spike is a second-
ary current due to Ca®* influx through NMDA receptor chan-
nels and concomitant activation of endogenous CaZ*-gated
Cl™ channels. Interestingly, the slowly developing current
peak was largely unaffected by EGTA or BAPTA injections
and was still a prominent feature in oocytes clamped pre-
cisely at the chloride equilibrium potential (data not shown);
these results argue strongly that this component is not sim-
ply due to activation of Ca®*-gated C1~ channels.? In barium
Ringer solution the second peak was reduced, but in larger
responses an additional, slowly developing, inward current
became apparent. This current could be abolished by BAPTA
injections (see also Ref. 40). The reason for the reduction in
the second component could be block or slow permeation by
Ba®* through NMDA receptor channels, whereas the addi-
tional, slow, Ca®?*-dependent current probably arises
through Ba®*-stimulated release of intracellular Ca?* and
resultant indirect activation of C1~ channels. Unless stated
otherwise, electrical recordings in the present study were
made in normal frog Ringer solution, the initial spike of C1~
current was ignored, and response amplitudes for pharma-
cological assays were measured at the peak of the slow phase
(Fig. 2, upper). We considered this a reasonable approxima-
tion to current flowing directly through NMDA receptors
under steady state desensitizing conditions.

Preliminary dose-response experiments established that
100 um NMDA and 10 uM glycine provided saturation of the
glutamate and glycine recognition sites (Figs. 2 and 3). At
these concentrations, current levels ranged from 54 to 820 nA
(mean * standard error, 258 * 58 nA; n = 16). Antagonist

2 R. M. Woodward, unpublished observations.
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Fig. 2. Upper, sample records from a single oocyte, comparing po-
tencies of ACEA-1021 and 5,7-diCIKA against NMDA responses at
receptors expressed by rat whole-brain poly(A)* RNA. Unless stated
otherwise, the holding potential in this and the following figures is —70
mV. Downward deflections, inward current; bars, solution changes and
drug applications. The dead time of the perfusion system was 5-10 sec.
Responses were separated by 5-10-min intervals of wash (not shown).
For pharmacological assays the initial spike of Cl~ current was ignored,
and response amplitudes were measured at the peak of the slow phase
(arrow). GLY, glycine. Middlle, concentration-inhibition curves compar-
ing potencies of ACEA-1021, ACEA-1031, 5,7-diCIKA, and DNQX at
NMDA receptors expressed by rat whole-brain poly(A)* RNA. NMDA
was used at 100 um and glycine at 10 um. In this and all following
figures data are plotted as the mean + standard error, expressed as a
fraction of either control responses (concentration-inhibition curves) or
maximum responses concentraﬁon-response curves). The number of
separate experiments (cells) is given in parentheses. Smooth curves,
best fits of eq. 3 to the data for each drug; see Materials and Methods
for details. Curve parameters (IC,, and slope values) for these fits are
given in Table 1. Lower, effects of 100 nm ACEA-1021 and ACEA-1031
on glycine concentration-response curves for NMDA receptors ex-
pressed by rat whole-brain poly(A)* RNA. The NMDA concentration
was 100 uMm. Smooth curves, best fits of eq. 2 to the data for each drug.
Curve parameters (EC,, values for control curves and optimal slope
values for paired curves for control and with drug) are given in Table 1.
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Fig. 3. Upper, concentration-response curves for NMDA at NMDA
receptors and for (1S,3R)-ACPD at metabotropic glutamate receptors,
in oocytes expressing rat whole-brain poly(A)* RNA. Smooth curves,
best fits of eq. 1 to the data for each agonist. EC5, values and slope
values are given in Table 1. Middle and lower, sample records from
experiments designed to test whether ACEA-1021 or ACEA-1031
showed measurable inhibitory effects either at NMDA receptor gluta-
mate binding sites or at metabotropic receptor glutamate binding sites.
Middle, application of 1 mm glycine (GLY) elicited a membrane current
response predominantly due to activation of strychnine-sensitive gly-
cine receptors that are coexpressed by the rat brain poly(A)* RNA. This
response was allowed to desensitize to steady state levels and used as
a base-line for measuring currents mediated by NMDA receptors. Re-
peated coapplications of 1 um NMDA elicited threshold NMDA re-
sponses (downward notches in the record) that were used to assay
inhibition by antagonists. Lower, an oocyte was repeatedly exposed to
10 um (1S,3R)-ACPD, eliciting a reproducible, threshold, oscillatory,
CI~ current, upon which ACEA-1021 and ACEA-1031 were assayed for
inhibition.

potency was initially assessed using fixed agonist concentra-
tions (100 uM NMDA and 10 uM glycine) and varying concen-
trations of inhibitor. In all cases, oocytes were pretreated
with glycine for approximately 30 sec and receptors were
then activated by coapplication of NMDA. Antagonists were
applied together with glycine to promote equilibration before

receptor activation. Even when high concentrations of antag-
onists were used, inhibition was washed out fully within ~5
min. To verify the ongoing level of control responses, which
showed variability, oocytes were regularly tested with
NMDA and glycine in the absence of antagonist.

As shown in Fig. 2, middle, concentration-inhibition curves
for ACEA-1021 and ACEA-1031 indicated potent antagonism
at rat brain NMDA receptors expressed in oocytes. For both
compounds the IC,, was between 150 and 200 nM. This value
represents roughly 20-fold higher potency than that of 5,7-
diCIKA and nearly 100-fold higher potency than that of
DNQX assayed in the same cells (Table 1, upper). Slopes of
inhibition curves were in the range of —1.3 to —1.1, giving no
indication of a pharmacologically heterogeneous population
of receptors.

The mechanism of inhibition was investigated by measur-
ing the effects of fixed concentrations of ACEA-1021 and
ACEA-1031 (100 nM) on the concentration-response relation
for glycine. Both compounds caused parallel rightward shifts
in the glycine concentration-response relation, with approx-
imately 20-fold increases in the EC;, and no clear reductions
in the maximum response (Fig. 2). Effects of both drugs were
consistent with competitive inhibition at the glycine binding
site (ACEA-1021, F,,,s = 2.6; ACEA-1031, F, ,, = 3.3).
Assuming simple competitive antagonism for all four antag-
onists (28, 30, 32), the EC;, for glycine measured under
control conditions was used in conjunction with ICg, values
to estimate K, values using a Leff-Dougall approach (38). For
comparison, shifts in EC,, induced by fixed concentrations of
ACEA-1021 and ACEA-1031 were used to calculate K, values,
using the Gaddum-Schild relationship (24). There was good
agreement between the two methods of analysis (Table 1).

Preliminary experiments in oocytes suggested that inhibi-
tion by ACEA-1021 and ACEA-1031 showed little or no volt-
age dependence over the range of —20 to —100 mV. However,
extending the voltage range to positive potentials was com-
plicated by activation of large endogenous currents. A more
thorough study of the voltage dependence of inhibition was
performed using neuronal NMDA responses (see below).

The ability of 100 uM glycine to completely overcome inhi-
bition produced by 100 nM ACEA-1021 (Fig. 2) was consistent
with preliminary binding studies that suggested that ACEA-
1021 was relatively inactive at glutamate recognition sites on
NMDA receptors.® Electrophysiological assays were there-
fore designed simply to test whether any inhibitory actions
could be detected at the glutamate binding site. The protocol
used a high concentration of glycine (1 mMm), to promote
saturation at glycine sites, whereas NMDA was used at con-
centrations (1-3 uM) sufficient to elicit threshold responses,
thereby maximizing the chances of detecting inhibition at
glutamate sites. Under these conditions, ACEA-1021 and
ACEA-1031 at concentrations of up to 1 uM showed <25%
inhibition of NMDA responses (e.g., Fig. 3). Using the ECqg,
for NMDA of ~27 uM (Fig. 3; Table 1, lower) and assuming a
competitive interaction, we estimated the K, for both antag-
onists at glutamate binding sites to be >2 uM, i.e., 150-200-
fold lower than affinities at glycine sites. These experiments
were complicated, a little, by activation of classical strych-
nine-sensitive glycine receptors that are coexpressed in oo-
cytes injected with rat brain poly(A)* RNA. The glycine re-

3 E. Weber, unpublished observations.
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TABLE 1

Inhibition by ACEA-1021, ACEA-1031, 5,7-diCIKA, and DNQX of rat brain glutamate receptors expressed in oocytes

Upper, analysis of concentration-inhibition experiments. Current amplitudes were normalized with respect to control responses and pooled. ICx, and siope values are
from the best fits of the data to eq. 3. K, values were estimated using a Leff-Dougall approach, a generalized form of the Cheng-Prusoff relationship (see Materials
and Methods). Fixed agonist concentrations are indicated. For NMDA receptor glycine site assays, the NMDA concentration was 100 um. Lower, analysis of
concentration-response experiments. Current amplitudes were normalized with respect to maximum currents and pooled. EC,, values for control curves (in the
absence of antagonist) and slope values are from the best fits of the data to eq. 2. K,, values were estimated, using the Gaddum-Schild relationship, from parallel
rightward shifts in agonist concentration-response curves induced by fixed concentrations of antagonist (see Materials and Methods). Data are given as the mean,
quoted to two significant figures. Numbers in parentheses are 95% confidence intervals. n indicates the number of separate experiments (i.e., the number of cells
examined). Unless otherwise stated, this presentation applies to Tables 2 and 3.

Receptor Agonist Antagonist ICso c°"°’::.‘;‘;°:;‘;:‘°‘"°" K, (Leff-Dougall) n
M pu

NMDA Glycine (10 uM)  ACEA-1021 0.17 (0.15, 0.20) -1.1(-1.3, -0.95) 0.0068 (0.006, 0.008) 10
ACEA-1031 02 (0.17,0.23) -1.3(-13,-12) 0.008 (0.007, 0.01) 6

5,7-DiCIKA 3.8 (3.5,4.2) -1.3(-1.3,-1.2) 0.16 (0.14,0.17) 3

DNQX 12 (10, 16) -1.1(-1.4, —0.85) 051 (0.4,0.64) 3

Non-NMDA AMPA (10 uM)  ACEA-1021 17 (17,18 -11(-12, -1.0) 18 (1.7.19) 3
ACEA-1031 13 (1.2, 1.4) -1.1(-12, -1.0) 13 (1.2, 1.4) 3

5,7-DiCIKA 32 (26, 40) -1.1(-1.2, -1.0) 34 (28, 42) 3

DNQX 0.32 (0.31, 0.34) -13(-1.4, -1.2) 0.34 (0.32, 0.36) 4

Non-NMDA Kainate (20 um)  ACEA-1021 0.76 (0.71, 0.81) -13(-1.4, -1.2) 15 (14,18 4
ACEA-1031 0.54 (0.50, 0.57) -12(-1.3, -1.1) 1 (0.9, 1.1) 3

5,7-DICIKA 17 (16, 18) -13(-1.4, -1.2) 32 (30, 34) 3

DNQX 0.12(0.11, 0.12) -12(-13, -1.1) 024 (022, 0.26) 3

Receptor Agonist Antagonist ECs, (control curve) °°“°°2;’$;°:|;’;§"°"“ K, (Gaddum-Schild) n

pm v

NMDA Glycine ACEA-1021 0.41 (0.38, 0.45) 1.2(1.1,1.3) 0.0063 (0.005,0.008) 3
ACEA-1031 0.54 (0.46, 0.63) 1.2(1.1,1.3) 0.0075 (0.006, 0.01) 3

NMDA NMDA 27 (23,31) 1.2(0.77,1.7) 3
Non-NMDA AMPA ACEA-1021 8.8 (8.1,9.7) 1.7(15,1.9) 11 (09, 1.49) 3
Non-NMDA Kainate ACEA-1021 85 (80, 91) 1.6(1.5,1.7) 13 (1.1,15) 4
Metabotropic ACPD 28 (24,32) 1.8 (1.4, 2.3) 4

ceptor responses were either reduced using 10-30 uMm
strychnine or allowed to desensitize to a stable plateau level
before applications of NMDA (Fig. 3).

NMDA receptors expressed by RNA transcribed
from cloned rat cDNAs. Currents mediated by cloned rat
NMDA receptors were similar to those observed with expres-
sion of whole-brain poly(A)* RNA. As described for the cor-
responding mouse subunits (13), cRNA combinations encod-
ing NR1 and NR2 subunits resulted in strong expression of
NMDA responses in oocytes. NR1A expressed alone produced
relatively small currents, typically <5% of the current ob-
served with combinations of subunits. NR2 subunits ex-
pressed alone failed to respond. Four different subunit com-
binations were studied in detail. In each case the NR1A
subunit was combined with a single NR2 subunit, either
NR2A, -2B, -2C, or -2D. The currents produced by these four
combinations showed some differences in their time courses.
All four subunit combinations gave rise to the initial tran-
sient C1~ current described above, but the secondary peak of
current tended to be more pronounced with the NR1A/2A and
NR1A/2B combinations, compared with NR1A/2C or NR1A/
2D. In addition, like the receptors expressed by rat brain
poly(A)* RNA, NR1A/2A and NR1A/2B responses showed
progressive run-down upon repeated application of agonists,
often followed by a gradual increase in current during ex-
tended periods of recording. These slow changes in the levels
of control responses were less pronounced in oocytes express-
ing NR1A/2C or -2D. Current ranges and mean maximum
responses in concentration-response experiments were as fol-
lows: NR1A/2A, 64-217 nA (100 = 19 nA, n = 8); NR1A/2B,

124-545 nA (304 * 46 nA, n = 8); NR1A/2C, 66-765 nA (275
+ 229 nA, n = 7); NR1A/2D, 44-140 nA (91 + 20 nA, n = 6).
Levels of receptor expression were similar in other types of
assays.

Following procedures described for oocytes expressing rat
brain poly(A)* RNA, antagonism of NMDA receptors assem-
bled from cloned subunits was first evaluated from concen-
tration-inhibition curves using fixed levels of glycine and
glutamate (10 uM and 100 uM, respectively). In terms of IC5,
values, the four binary subunit combinations showed consid-
erable variation in sensitivity to ACEA-1021 and ACEA-1031
(Fig. 4). The pattern was very similar for the two drugs;
NR1A/2A receptors showed highest sensitivity (ICg, values of
~0.03 uM), NR1A/2B and -2C intermediate values (IC;, val-
ues of 0.1-0.5 um), and NR1A/2D lowest sensitivity (IC5,
values of >1 uM) (Table 2, upper). Slopes of inhibition curves
ranged between —1.5 and —0.94. NR1A/2A gave slightly
higher values (shallower slopes), compared with other com-
binations. With hindsight, we suspect that this was simply
due to inaccurate assessment of control levels, as opposed to
evidence for a heterogeneous population of receptors.

To investigate the mechanisms responsible for the varia-
tions in IC;, values, we measured the apparent affinity of the
four subunit combinations for glycine. As previously reported
for rat and mouse clones (12-14), glycine concentration-re-
sponse curves for the different subunit combinations showed
differences in apparent affinity (Fig. 4). NR1A/2A combina-
tions showed the lowest sensitivity to glycine (ECg, values of
~1 uM), NR1A/2B and NR1A/2C intermediate values (ECg,
values of ~0.2 uM), and NR1A/2D the highest affinity (ECq,
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Fig. 4. Upper, concentration-inhibition curves showing the relative
sensitivities of four cloned rat NMDA receptor subunit combinations to
ACEA-1021 (glycine was used at 10 um and glutamate at 100 um).
Smooth curves, best fits of eq. 3 to the data for each subunit combi-
nation. Curve parameters (IC5, and slope values) for these fits are given
in Table 2. Lower, effect of 100 nm ACEA-1021 on concentration-
response curves for glycine at four cloned rat NMDA receptor subunit
combinations. The glutamate concentration was 100 uM. Smooth
curves, best fits of eq. 2 to the data for each subunit combination. With
the exception of NR1A/2C (see Fig. 5), ECs, values for control curves
and optimal slope values for paired curves are given in Table 2.

values of ~0.1 uM) (Table 2, lower). Occasionally (~1 in 10
frogs) there were batches of oocytes that expressed NR1A/2A
receptors with atypically high sensitivity to glycine (ECyg,
values of 0.1-0.2 uM). The factors responsible for this differ-
ence in receptor properties remain unclear. Subsequent in-
jections of cRNA into oocytes from the same frogs resulted in
receptors with similar atypical properties, suggesting that
some oocytes either show abnormal post-translational pro-
cessing/regulation of receptors or express endogenous recep-
tor components that are electrically silent in uninjected cells.
In the present study, data from atypical oocytes were ex-
cluded from analysis.

Glycine concentration-response curves for the four subunit
combinations all showed parallel shifts with fixed concentra-
tions of ACEA-1021 and ACEA-1031 (Fig. 4). K,, values were
estimated from inhibition curves and from displacement of
glycine concentration-response relations (Table 2); the two
methods showed close agreement. NR1A/2C appears to have
the highest affinity for ACEA-1021 and ACEA-1031 (K, val-
ues of 2-3 nM), NR1A/2A and NR1A/2B slightly lower values

(K, values of 3—4 nM and 4-9 nM, respectively), and NR1A/2D
the lowest antagonist affinities (K, values of 11-13 nm).

The strong antagonism of NR1A/2A receptors expressed in
terms of IC;, values is, therefore, due to their low affinity for
glycine and relatively high affinity for ACEA-1021 and
ACEA-1031. On the other hand, IC4, values for NR1A/2D
receptors indicate weak antagonism because this subunit
combination has the highest affinity for glycine and the low-
est affinity for the antagonists. In these experiments all antag-
onism was consistent with the simple competitive model except
for inhibition of NR1A/2A by ACEA-1021 (F, g9 = 9.8), which
resulted in a slightly lower slope for the glycine concentration-
response relation in the presence of the antagonist (Fig. 4).
Oocytes injected with NR1A/2A displayed the greatest vari-
ability in their control responses, and we strongly suspect that
the slight reduction in slope observed with ACEA-1021 was due
to this variability, rather than to some additional complexity in
inhibitory mechanism. It should be noted that inhibition of
NR1A/2A by ACEA-1031 was consistent with the simple com-
petitive model (F, ;o = 2.1).

As a more stringent test of inhibitory mechanism, we per-
formed a Schild analysis for ACEA-1021 at NR1A/2C using
four antagonist concentrations (Fig. 5). ACEA-1021 showed
no significant deviation from the simple competitive model
over the concentration range of 10-300 nM (F, ;;53 = 1.2). A
Schild regression plot of ECg, dose ratios versus ACEA-1021
concentration had a slope of 1.0 *+ 0.02 (n = 3).

Following the protocol described for whole-brain NMDA
receptors, actions of ACEA-1021 and ACEA-1031 at gluta-
mate sites were assessed using concentrations of glutamate
sufficient to elicit threshold responses (0.03—-0.3 uM, depend-
ing on subunit combination) and a high saturating concen-
tration of glycine (1 mM). At concentrations of up to 1 uM,
neither antagonist caused >30% inhibition of the responses
(data not shown). In terms of a competitive interaction, these
experiments indicate that K, values for ACEA-1021 and
ACEA-1031 at glutamate binding sites on all four subunit
combinations are >2 uM.

Membrane currents recorded in oocytes expressing NR1A
alone were uniformly small (slow phase, <20 nA) (11) and
showed run-down, so it was difficult to make detailed phar-
macological measurements. Nonetheless, the ECg, for gly-
cine at the putative NR1A homo-oligomeric receptor was
typically between 0.1 and 0.3 uM. ACEA-1021 and ACEA-
1031 inhibited responses elicited by 100 uM glutamate and 1
uM glycine with ICg, values ranging between 30 and 100 nMm.
Inhibition appeared to be fully surmounted by increasing
glycine concentrations. Assuming a simple competitive mech-
anism, these results imply K, values at homeo-oligomeric
NRI1A receptor glycine sites in the range of ~5-10 nM, i.e.,
similar to the values obtained for the hetero-oligomeric re-
ceptors. When hetero-oligomeric NR1A/NR2 receptors are
expressed, small subpopulations of homo-oligomeric NR1A
receptors, if present, would not overtly distort calculation of
K, values. Possible actions of ACEA-1021 and ACEA-1031 at
glutamate sites on homo-oligomeric receptors were not inves-
tigated.

Non-NMDA receptors expressed by rat whole-brain
poly(A)* RNA. Two agonists, AMPA and kainate, were used
to activate non-NMDA glutamate receptors expressed by rat
whole-brain poly(A)* RNA. As described previously (28), the
time courses of membrane currents evoked by these two
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Inhibition by ACEA-1021 of cloned rat NMDA receptors expressed in oocytes
Upper, analysis of concentration-inhibition experiments. IC, and slope values are from the best fits of the data to eq. 3. K,, values were estimated using a Leff-Dougall

approach (see Materials and Methods). Lower, analysis of concentration-

response
of the data to eq. 2. K,, values were estimated using the Gaddum-Schild relationship (see Materials and Methods). Glutamate was used 100 um in all experiments. -

experiments. ECg, values for control curves and slope values are from the best fits

Concentration-inhibition

Receptor subunits 1Cso, ACEA-1021 curve slope K, (Leff-Dougall) n
nM nM
NR1A/2A 29 (15, 56) -0.94 (-1.1, -0.82) 2.8(2.4,3.2) 3
NR1A/2B 300 (260, 350) 14 (-17,-12) 5.9(5.1,6.7) 3
NR1A/2C 120 (100, 140) -11 (-12, -09) 1.9(1.6,2.2) 5
NR1A/2D 1500 (1400, 1600) -1.4 (-15, -1.3) 11 (10,12) 4
Receptor subunits (EE:%J."!.?,'&‘;, oo o K, (Gaddum-Schild) n
[} n
NR1A/2A 840 (730, 960) 11(1,1.2) 4 (32,5 4
NR1A/2B 193 (170, 220) 13(1.2,1.4) 4.2(35,5) 3
NR1A/2C 150 (140, 160) 1.3(1.3,1.4) 2.8(2.6,3.1) 3
NR1A/2D 96 (87, 110) 1.4(1.3,1.5) 11 9.3,13) 3

# Data for inhibition of NR1A/2C by ACEA-1021 are from simultaneous fitting of the more extensive Schild-type experiments shown in Fig. 5, upper.

agonists in oocytes were relatively simple. Maximum steady
state responses to AMPA were typically <10% of the maxi-
mum currents elicited by kainate in the same oocyte. Coap-
plication of AMPA to cells with pre-established kainate re-
sponses resulted in occlusion of the kainate currents,
indicating that, to a large extent, the two agonists interact
with a common pool of non-NMDA glutamate receptors.*
This result is consistent with numerous neuronal studies
that have demonstrated strong desensitization of non-NMDA
receptors by AMPA but relatively little desensitization by
kainate (e.g., Ref. 41). Application of drugs to the oocytes by
conventional bath perfusion is too slow to elicit the initial
peak of current seen in neurons with fast perfusion tech-
niques; instead, AMPA responses measured in oocytes rep-
resent current flow through non-NMDA receptors under
steady state desensitizing conditions. Kainate activates sub-
stantially the same population of non-NMDA receptors as
does AMPA but produces less desensitization and thus a
larger steady state current. In general, kainate and AMPA
responses were more reproducible than NMDA currents, so
control applications of agonist alone were required less often.
Current ranges and mean maximum responses measured in
the concentration-response experiments for AMPA and kain-
ate were 100-280 nA (176 * 36 nA, n = 5) and 292-2350 nA
(1516 + 930 nA, n = 5), respectively.

ACEA-1021 and ACEA-1031 were initially tested against
fixed concentrations of AMPA (10 uM, ~50% I,,,) and kain-
ate (20 uM, ~10% I,,.). Oocytes were pretreated with antag-
onist for approximately 30 sec before application of agonist
(Fig. 6, upper). Inhibition of non-NMDA responses by ACEA-
1021 or ACEA-1031 was fully washed out within a few min-
utes of drug application. Concentration-inhibition curves
showed that the relative potencies of ACEA-1021, ACEA-
1031, DNQX, and 5,7-diC1KA at non-NMDA receptors clearly
differed from the pattern at NMDA receptors (Fig. 6). Using
either AMPA or kainate as the agonist, DNQX was the stron-
gest inhibitor at non-NMDA receptors (IC;, values of approx-
imately 0.3 and 0.1 uM, respectively), being 46 times more
active than ACEA-1021 and ACEA-1031 and 100-150 times
more active than 5,7-diCIKA (Table 1, upper).

“ R. M. Woodward, unpublished observations.

The mechanism of inhibition was investigated by measur-
ing effects of a fixed concentration of ACEA-1021 on agonist
concentration-response relationships. ECy, values for AMPA
and kainate (Table 1, lower) were increased roughly 3—4-fold
in the presence of the drug. At 3 uM, ACEA-1021 caused
parallel rightward shifts in the concentration-response
curves for AMPA that were consistent with competitive in-
hibition (F, (5 = 0.68) (Fig. 6). Antagonism of oocyte kainate
responses, although largely surmountable, appeared to show
a small component of noncompetitive inhibition. This com-
ponent was <5% of the total response but was sufficient
to cause significant departure from the competitive model
(Fy 50 = 11.8). We suspect that this deviation is simply due to
inadequate monitoring of maximum response levels. Al-
though the inhibitory action of ACEA-1031 was not tested
across full concentration-response curves for kainate and
AMPA, antagonism by the drug (at 3 uM) was substantially
surmountable (data not shown). K, values were calculated
from concentration-inhibition curves and from the rightward
displacement of agonist dose-response relations (Table 1).
There was good correlation between values obtained by the
two methods.

One complicating factor in these experiments was that
currents evoked by AMPA reached a maximum at ~100 uM,
whereas higher concentrations (pH adjusted) produced cur-
rents that were 5-20% smaller in amplitude (42). (The same
phenomenon probably occurred with kainate responses but
was less pronounced.) For reasons that are unclear, declines
in response at high AMPA concentrations were not wholly
offset by ACEA-1021. As a result, maximal currents recorded
with 3 uMm ACEA-1021 were never as large as maximal con-
trol responses. Instead, currents in the presence of 3 um
ACEA-1021 approached saturation at reduced amplitudes
corresponding to the control responses produced by supra-
maximal concentrations of AMPA. For purposes of curve
fitting, currents evoked by AMPA alone were plotted as a
fraction of the response to 100 uM AMPA; the response to 300
uM AMPA, although actually smaller, was also considered
maximal. Currents measured in the presence of 3 uMm ACEA-
1021 were plotted as a fraction of the response to 300 um
AMPA (Fig. 6).
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Fig. 5. Upper, effects of four concentrations of ACEA-1021 on con-
centration-response curves for glycine in oocytes expressing the
NR1A/NR2C subunit combination. Glutamate was used at 100 um.
Smooth curves, best fits of eq. 2 to the data. The EC,, value for the
control curve and the optimal slope values for all five curves are given
in Table 2. Lower, Schild regression of the same data. Dose ratios were
calculated from ECg, values for each curve fitted independently with
eq. 1. DR, dose ratio. The line was fitted by linear regression (slope =
1.0, K, = 2.8 n™) (see Table 2).

Metabotropic glutamate receptors expressed by rat
whole-brain poly(A)* RNA. Metabotropic glutamate re-
ceptors comprise a family of G protein-coupled receptors (43).
The receptors expressed in oocytes were selectively activated
using the agonist (1S,3R)-ACPD (44). The resulting currents
were inward at a holding potential of —70 mV and were
characterized by long latencies (particularly when low con-
centrations of agonist were used) and a fluctuating/oscilla-
tory time course (Fig. 3). Numerous previous studies have
shown that responses of this type arise from receptor-medi-
ated stimulation of the phosphoinositide/Ca?* pathway,
which activates endogenous Cl~ channels to produce the
oscillating current detected under voltage-clamp conditions
(37, 44). At —70 mV, maximum (1S,3R)-ACPD responses for
concentration-response experiments ranged between 180 and
490 nA (330 = 90 nA, n = 3).

Quantitative pharmacological characterization of metabo-
tropic receptors was made difficult by receptor desensitiza-
tion and by run-down of the response over time. In addition,
activation of the Cl~ current exhibited a strong threshold
effect, so curve parameters showed dependence on the level of
receptor expression as well as other factors. Nonetheless, to
provide a rough gauge of agonist affinity at the metabotropic
receptors, concentration-response curves were measured for
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Fig. 8. Upper, sample records illustrating inhibition of kainate re-
sponses by ACEA-1021 in an oocyte expressing rat whole-brain
poly(A)* RNA. After exposure to 30 um ACEA-1021, the oocyte required
2-3 min of additional washing before the response fully retumed to
control. Middle, concentration-inhibition curves comparing potencies
of ACEA-1021, ACEA-1031, 5,7-diCIKA, and DNQX at non-NMDA re-
ceptors activated by kainate. Smooth curves, best fits of eq. 3 to the
data for each drug. ICs, and slope values for these fits are given in
Table 1. Lower, effect of ACEA-1021 (3 uM) on concentration-response
curves for AMPA and kainic acid. Smooth curves, best fits of eq. 2 to
the data for each agonist. EC5, values for control curves and optimal
slope values for paired curves are given in Table 1.

(1S,3R)-ACPD (Fig. 3; Table 1, lower). ACEA-1021 and
ACEA-1031 were tested against low (5-10 uM) concentra-
tions of (1S,3R)-ACPD because these doses produced more
reproducible responses and maximized the potential for de-
tecting competitive inhibition. Neither drug caused apprecia-
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ble antagonism under these conditions, even when applied at
concentrations as high as 10 or 30 uM (Fig. 3, lower). In terms
of competitive inhibition, this result implies that K, values
for ACEA-1021 and ACEA-1031 at metabotropic glutamate
receptors are >50 uM.

Electrical Recordings from Cultured Rat Cortical Neurons

NMDA receptor assays. Whole-cell currents evoked by
100 uM NMDA plus various concentrations of glycine were
recorded from rat cortical neurons in culture, at a holding
potential of —70 mV and in the absence of external Mg?*.
During each agonist application, the current initially rose to
a peak and then declined over a period of several seconds
(Fig. 7, upper, inset). Amplitude measurements were made
during the final phase of the response, when the current
approached a steady state level. With saturating glycine
concentrations the steady state currents ranged from 327 to
2470 pA (1097 = 179 pA, n = 15).

For direct comparison with results from the oocyte record-
ings, antagonist potency was initially evaluated by coappli-

1.0

g -
£ |
~ 08 4
0.6 E
0.4 4
0.2 4
i PA
0.0 60 sec N
wanul EEWTIT | sl sl o0oa sl ow il
0.01 0.1 1 10 100 1000
[ACEA-1021] nM
§ 1.0 NMDA 1
Zosl .
0.6 + d
0.4 | -
H O Control (n=4)
0.2 r" @ +ACEA-1021 |
0.0 L 100nM (n=4) i
10 sl s aaaaul sl a1 sl
0.01 0.1 1 10 100
[glycine] uM

Fig. 7. Inhibition of whole-cell currents gated by NMDA plus glycine in
cultured rat cortical neurons. Upper, concentration-inhibition curve for
ACEA-1021. NMDA was used at 100 um and glycine at 1 um (n = 4).
Smooth curve, best fit of eq. 3 to the data. ICs, and slope values are
given in Table 3. Inset, sample records illustrating the inhibitory action
of ACEA-1021, which was applied together with NMDA and glycine as
indicated (solid bars). Numbers above the bars, antagonist concentra-
tions (in uMm). Lower, effect of 100 nm ACEA-1021 on the concentration-
response relation for glycine. The NMDA concentration was 100 um
(n = 4). Smooth curves, best fits of eq. 2 to the data. EC5, values for
control curves and optimal slope values for the pair of curves are given
in Table 3.
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cation of fixed doses of NMDA (100 uMm) and glycine (1 pM)
with increasing concentrations of antagonist. ACEA-1021
produced complete inhibition of whole-cell NMDA currents at
1 pM. The ICz, was ~40 nM (Table 3). Although not investi-
gated in detail, ACEA-1031 appeared to have a similar IC,
at neuronal NMDA receptors. Concentration-response rela-
tions for glycine applied with 100 uM NMDA, or with NMDA
plus 100 nM ACEA-1021, provided evidence for potent antag-
onism at the glycine binding site (Fig. 7). The control ECg, of
~180 nM is in line with previous work on central nervous
system neurons in culture (7, 24). Inhibition by ACEA-1021
was completely surmountable by increasing glycine concen-
trations and produced a 20-fold increase in the ECg, for
glycine, which was consistent with the competitive model
(F, 44 = 1.1). As described above, K,, values for ACEA-1021 at
the glycine site were calculated from antagonist inhibition
curves and from the parallel shift in the concentration-re-
sponse relation for glycine (Table 3).

The voltage dependence of ACEA-1021 and ACEA-1031
effects at NMDA receptors was assessed by comparing levels
of inhibition of responses at two holding potentials, —60 mV
and +40 mV. When assayed against responses elicited by 100
mM NMDA and 1 mM glycine, 100 nM ACEA-1021 caused 82.6
+ 2.3% inhibition at —60 mV and 81.4 * 3% inhibition at
+40 mV (n = 3). Assayed under the same conditions, ACEA-
1031 caused 84.8 * 1.5% inhibition at —60 mV and 81 + 2.3%
inhibition at +40 mV (n = 3). Neither drug showed any
appreciable dependence on voltage.

Non-NMDA receptor assays. Kainate and AMPA were
applied to cultured neurons clamped at a holding potential of
—70 mV. Both agonists evoked inward currents at this po-
tential, ranging from 138 to 1788 pA for kainate (736 + 115
PA, n = 15) and from 71 to 1700 pA for steady state currents
activated by AMPA (834 + 1656 pA, n = 15). As described
previously (41), currents activated by relatively high doses of
AMPA (>50 uM) displayed an initial peak that rapidly de-
sensitized to a stable plateau, whereas currents evoked by
kainate were maintained throughout the application, with-
out any evidence of desensitization (Fig. 8, upper and middle,
insets). In all cases, inhibition produced by ACEA-1021 was
evaluated for steady state currents during the final third of
each agonist application.

As with NMDA and glycine, ACEA-1021 was first tested
against responses elicited by fixed concentrations of AMPA
and kainate. Half-maximal inhibition of whole-cell current
gated by 5 um AMPA required ~4 uM ACEA-1021, whereas
the IC,, against 100 uM kainate was ~2 uM (Table 3). At a
fixed concentration of 5 um, ACEA-1021 produced parallel
rightward shifts in the concentration-response curves for
both AMPA and kainate (Fig. 8). In each case, the ECy, was
increased by roughly 3-fold, whereas the maximal responses
to AMPA (250 uM) and kainate (10 mM) were unchanged by
the drug. Apparent dissociation constants for ACEA-1021 at
neuronal non-NMDA receptors were calculated assuming
competitive inhibition, for AMPA responses, F, 4, = 0.85; for
kainate responses, F, 5 = 0.068 (Table 3). These experi-
ments indicated that ACEA-1021 is considerably less potent
at neuronal non-NMDA receptors than at NMDA receptor
glycine sites. The voltage dependence of inhibition at non-
NMDA receptors was not investigated.
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TABLE 3

Inhibition by ACEA-102 of NMDA and non-NMDA receptors in cultured rat cortical neurons

Upper, analysis of concentration-inhibition experiments. IC5, and slope values are from the best fits of the data to eq. 3. K,, values were estimated using a Leff-Dougall
approach (see Materials and Methods). Fixed agonist concentrations are indicated. For NMDA receptor glycine site assays the NMDA concentration was 100 um.

Lower, analysis of concentration-response experiments. ECy, values for control curves and slope values are from the best fits of the data to eq. 2. K,, values were
estimated using the Gaddum-Schild relationship (see Materials and Methods).
Receptor Agonist ICsg, ACEA-1021 “”“mﬁ::“’m“ K, (Left-Dougall) n
[ »M
NMDA Glycine (1 um) 0.042 (0.035, 0.05) -1.1(-1.3, -0.9) 0.0071 (0.006, 0.0084) 4
Non-NMDA AMPA (5 um) 39 (3.3,4.6) -1.1(-1.3, -1.0) 3.3 (2.8, 4.0) 5
Non-NMDA Kainate (100 um) 1.7 (1.6,1.9) -1.2(-1.2, -1.0) 15 (1.3, 1.6) 4
Receptor Agonist ECs, (control curve) °°"°°m°gl;’l;':"°"s° K, (Gaddum-Schild) n
Y M
NMDA Glycine 0.18 (0.16, 0.21) 1.2(1.1,1.3) 0.0048 (0.0039, 0.006) 4
Non-NMDA AMPA 42 (3.8,4.7) 1.5(1.3,1.6) 2.2 (1.7,2.7) 5.
Non-NMDA Kainate 150 (130, 170) 1.6 (1.0, 1.3) 23 (1.8,3) 6
Discussion the clones or are present in sufficiently small amounts to have

Pharmacology of quinoxalinediones. Quinoxaline-
diones were initially characterized as selective antagonists
for AMPA-preferring non-NMDA receptors (35, 27). Subse-
quent work has shown that these molecules can also be
moderately potent inhibitors at glycine allosteric sites on
NMDA receptors (3, 26, 28, 33). The present experiments
indicate that potency of quinoxalinediones at NMDA glycine
sites and selectivity with respect to non-NMDA receptors are
both critically dependent on the type and pattern of benzene
ring substitutions. In particular, the 5-nitro-6,7-dichloro
(ACEA-1021) and 5-nitro-6,7-dibromo (ACEA-1031) deriva-
tives of 1,4-dihydro-2,3-quinoxalinedione are shown to be
highly potent and selective glycine site antagonists.

Inhibition at NMDA receptors. Results obtained in oo-
cyte assays for NMDA receptors expressed by rat whole-
brain poly(A)* RNA (Table 1) or cloned receptor subunits
(Table 2) were in reassuringly close agreement with the data
from cultured rat cortical neurons (Table 3). Electrophysi-
ological assays in oocytes and neurons showed that inhibition
of NMDA receptors by ACEA-1021 is consistent with a sim-
ple competitive interaction at the glycine coagonist site. Re-
cordings from oocytes indicated that ACEA-1031 inhibits
responses at the NMDA receptor by the same mechanism.
Like other glycine site antagonists (24), there was no indica-
tion of voltage dependence in the inhibition produced by
either drug. In all assays the apparent affinities of ACEA-
1021 and ACEA-1031 for glycine sites were in the low nano-
molar range. K, values estimated from concentration-inhibi-
tion curves consistently showed close correlation with values
obtained from the more conventional Schild-type experi-
ments. So, at least for these types of assays, the Leff-Dougall
approach appears to be a quick and reliable means of esti-
mating antagonist potencies. Although RNA preparations
were not identical (e.g., whole brain versus cerebral cortex),
apparent affinities of the control compounds 5,7-diC1IKA and
DNQX were comparable to values calculated in previous
studies (28, 45).

Agreement between oocyte assays using rat whole-brain
poly(A)* RNA and assays using cloned NMDA receptor sub-
units indicates that any additional uncharacterized subunits
or splice variants present in the poly(A)* RNA either have
sensitivity to ACEA-1021 and ACEA-1031 similar to that of

little influence on the net potency of the drugs. Agreement
between data from clones expressed in oocytes and data from
neurons suggests that, with respect to glycine site pharmacol-
ogy, the simple hetero-oligomeric NR1A/NR2 subunit combina-
tions correspond closely to neuronal NMDA receptors.

Oocyte recordings failed to detect inhibition by ACEA-1021
and ACEA-1031 at glutamate binding sites. These types of
experiments were limited by the potency of actions at glycine
sites, and selectivity could only be estimated as at least
100-200-fold. Preliminary binding studies, on the other
hand, indicated that affinities at NMDA receptor glutamate
binding sites are no lower than ~30 uMm,) ie., that both
compounds display >1000-fold selectivity for the glycine site,
relative to the glutamate site. This is consistent with previ-
ous studies showing that other quinoxalinediones are weakly
active as conventional competitive NMDA receptor antago-
nists (3, 25).

Selectivity at different NMDA receptor subtypes. In
terms of actual affinities, ACEA-1021 and ACEA-1031
showed only modest (up to 5-fold) levels of true subunit
selectivity at the four putative NMDA receptor subtypes
expressed in oocytes (Table 2). Indeed, compared with a drug
such as ifenprodil (40), ACEA-1021 and ACEA-1031 should
be considered broad-spectrum antagonists across NMDA re-
ceptor subtypes. However, for these antagonists IC4, values
may give a more relevant measure of in vivo actions. From
this perspective, using fixed agonist concentrations, ACEA-
1021 and ACEA-1031 showed up to 50-fold variations in
activity. This was due to the conjunction of subunit-depen-
dent differences in apparent glycine affinity and differences
in affinity for the antagonists themselves.

If NMDA receptor subtypes corresponding to these subunit
combinations exist in mammalian brain, then our results
suggest that ACEA-1021, ACEA-1031, and related glycine
site antagonists would show distinct patterns of subtype-
selective activity. For example, at a uniform glycine concen-
tration, receptors composed of NR1A/2A subunits would be
5-10 times more sensitive to ACEA-1021 than receptors com-
posed of NR1A/2B or NR1A/2C and ~50 times more sensitive
than receptors composed of NR1A/2D. If glycine levels show

5 E. Weber, unpublished observations.
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Fig. 8. Inhibition of currents activated by kainate and AMPA in cultured
rat cortical neurons. Upper, concentration-inhibition curve for ACEA-
1021 with a fixed concentration of 5 um AMPA (n = 5). Smooth curve,
best fit of eq. 3 to the data. IC5, and slope values are given in Table 3.
Inset, sample records showing inhibition of AMPA currents by increas-
ing concentrations of ACEA-1021. Black bars, periods of simultaneous
agonist and antagonist application. Numbers above the bars, concen-
trations of ACEA-1021 (in um). Middle, concentration-inhibition curve
for ACEA-1021 with 100 um kainate (n = 4). Smooth curve, best fit of
eq. 3 to the data. IC,, and slope values are given in Table 3. Inset,
sample experiment illustrating inhibition of kainate-induced current by
ACEA-1021. Lower, effects of 5 um ACEA-1021 on the steady state
concentration-response relations for AMPA (n = 5) and kainate (n = 6).
Smooth curves, best fits of eq. 2 to the data for both agonists. ECgo
values for control curves and optimal slope values for pairs of curves
are given in Table 3.
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local variability, this could either accentuate or diminish the
functional selectivity of the antagonists. Modest differential
subtype sensitivities of this type may be sufficient to influ-
ence the therapeutic and behavioral profiles of glycine site
antagonists (e.g., Refs. 21, 22, and 35).

Inhibition at non-NMDA receptors. Both ACEA-1021
and ACEA-1031 showed clear inhibition of non-NMDA recep-
tors. There was close agreement between oocyte and neuro-
nal data with respect to inhibitory mechanism and potency.
In both assay systems, antagonism of AMPA responses by
ACEA-1021 was consistent with simple competitive inhibi-
tion at the glutamate binding site. Inhibition of kainate re-
sponses showed some deviation from the competitive model
in oocyte assays but was consistent in neuronal assays. The
major component of current evoked by kainate, in both oo-
cytes and neurons, was inhibited with roughly the same
potency as the current elicited by AMPA. In all assays,
ACEA-1021 blocked responses to AMPA or kainate with K,
values that ranged between ~1 and 3 um.

The potency of DNQX at non-NMDA receptors expressed in
oocytes was similar to that measured previously (28). Oocyte
assays also confirmed that, although kynurenic acids are
relatively weak inhibitors at non-NMDA receptors, this class
of molecules is not wholly inactive (3, 32, 45).

Effects at metabotropic glutamate receptors. Oocyte
electrophysiological assays suggest that, in contrast to iono-
tropic receptors, metabotropic receptors are effectively insen-
sitive to ACEA-1021 and ACEA-1031. Apparent affinities at
the metabotropic receptors expressed by rat brain poly(A)*
RNA were no lower than 50 uM, representing >5000-fold
lower potencies than those at NMDA receptor glycine sites. It
should be noted, however, that the oocyte experiments were
able to assay only metabotropic receptors that were posi-
tively coupled to the phosphoinositide/Ca?* pathway (37, 43,
44). Studies at the molecular level have now identified six
subtypes of metabotropic receptors, together with various
splice variants (43). Characterization of the different sub-
types suggests that primarily metabotropic receptor types 1
and 5 would be involved in activating oocyte electrical re-
sponses (43, 44). Although it seems unlikely, there remains
the possibility that ACEA-1021 or ACEA-1031 interacts with
subtypes of metabotropic receptors that do not participate in
the oocyte responses.

Structure-activity considerations. As described in the
introduction, a burgeoning number of compounds have been
identified as NMDA receptor glycine site antagonists (18, 19,
23, 24, 28-31). Since the pioneering studies on kynurenic
acids, it has been recognized that substitutions on the ben-
zene ring, common to all of the antagonists, have a strong
influence on affinity (18, 19, 23). Our own results emphasize
that for quinoxaline-2,3-diones the type and pattern of ben-
zene ring substitutions are critical in determining the po-
tency of glycine site antagonism and also the selectivity of
antagonism versus non-NMDA receptors.

Comparison of K, values for ACEA-1021 and ACEA-1031
with the respective values obtained for related mono- and
disubstituted quinoxalinediones reveals a striking synergism
between the nitro group at position 5 and the halogens at
positions 6 and 7 (for the most direct comparisons, the K,
values given below are our own unpublished data from oo-
cytes expressing rat whole-brain poly(A)* RNA, but see also
Refs. 3, 23, and 28 for previously reported affinities). Using
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the nitro/chloro series for illustration, the unsubstituted par-
ent compound, 1,4-dihydro-2,3-quinoxalinedione, has low po-
tency at NMDA and non-NMDA receptors (K,, values of ~17
and 100 uM, respectively). Nitro substitution at position 5
has little or no effect on potency at glycine sites and causes
some reduction in activity at non-NMDA receptors. Sepa-
rately substituting chloro at positions 6 and 7 of the parent
molecule results in a 40-fold increase in potency at glycine
sites (K, ~ 0.4 puM) and a 25-fold increase at non-NMDA
receptors (K, ~ 5 uM). Combining these substitutions to
generate ACEA-1021 yields a 60-fold increase in potency
against glycine, compared with 6,7-dichloro-1,4-dihydroqui-
noxaline-2,3-dione, as well as an additional ~20-fold increase
in selectivity for glycine sites versus non-NMDA receptors.
Reasons why these ternary substitution patterns are so fa-
vorable for glycine site binding are not clear. Although the
parameters involved are almost certainly complex, one factor
influencing potency could be the orientation of the 5-nitro
group. In ACEA-1021 and ACEA-1031 the 5-nitro group is
directed out of the plane of the ring, due to orthosteric hin-
drance. Increased potency may be due to additional hydrogen
bonding becoming available at this position.

Selectivity of antagonism in vivo. We consider it un-
likely that ACEA-1021 and ACEA-1031 have any appreciable
in vivo actions at NMDA receptor glutamate binding sites or
at metabotropic glutamate receptors. The situation with re-
spect to non-NMDA glutamate receptors is, however, more
complex. In common with other quinoxalinediones (3, 25, 27,
28), our experiments indicate that ACEA-1021 and ACEA-
1031 inhibit non-NMDA receptors, in this instance with low
micromolar affinities. Simply with respect to potency, these
drugs can therefore be considered as dual-activity ionotropic
glutamate receptor antagonists. On the other hand, the high
potency of inhibition at glycine binding sites appears to pro-
vide a strong selectivity index in favor of antagonism at
NMDA receptors, yielding 100-500-fold greater potency at
glycine sites than at non-NMDA receptors (Tables 1 and 3).
Although these values suggest selective antagonism at
NMDA receptors, they may not provide an accurate picture of
the “functional activity” of ACEA-1021 and ACEA-1031 in
vivo, by which we mean the ability of the drugs to block
excitatory postsynaptic currents, as opposed to their affinity
for a particular binding site.

Most models of excitatory synaptic physiology assume (per-
haps incorrectly) that glycine in synaptic clefts is fixed at low
micromolar or submicromolar concentrations. Antagonists
such as ACEA-1021 and ACEA-1031 would be expected to
compete under steady state conditions against this prevail-
ing concentration of glycine. In contrast, except for a low
background level, glutamate is present in the cleft only dur-
ing synaptic activation. Thus, with respect to non-NMDA
receptor inhibition, ACEA-1021 and ACEA-1031 would reach
equilibrium with the residual background levels of glutamate
present at rest. Upon synaptic activation glutamate levels
are transiently raised into the millimolar range, but these
high concentrations of agonist persist for only a few millisec-
onds (46). The ability of glutamate to displace ACEA-1021
and ACEA-1031 thus would depend on the kinetics of antag-
onist unbinding. Slow rates of drug dissociation would tend
to increase the functional activity at non-NMDA receptors
and thus erode the selectivity index measured under steady
state conditions. For example, if we assume that the high

glutamate concentrations achieved upon synaptic release are
too transient to displace ACEA-1021 from non-NMDA recep-
tors, then the “functional selectivity index” at a concentration
of 1 uM glycine would be reduced from ~200-fold to 50-fold.
Hippocampal slice recordings assaying related quinoxa-
linediones provide evidence that these types of effects are
indeed relevant (28). Characterization of the synaptic pharma-
cology of ACEA-1021 and ACEA-1031 will be needed to assess
the extent to which such considerations influence antagonist
selectivity in vivo. In addition, the present experiments did not
investigate ACEA-1021 or ACEA-1031 for any potential sub-
type selectivity at non-NMDA receptors (8), which could further
complicate their pharmacological profiles.

Possible therapeutic implications. At present, the
principal therapeutic indication for NMDA receptor antago-
nists is as neuroprotectants in the treatment of ischemic
stroke and head trauma (15). Evidence indicates that NMDA
receptors play a pivotal role in excitotoxicity, a pathological
phenomenon wherein extended exposure to glutamate causes
overactivation of neurons and subsequent cell death (47).
Excitotoxicity appears to be responsible for substantial
amounts of the brain damage incurred after stroke-induced
ischemia or head trauma and it is now generally accepted
that NMDA receptor antagonists are neuroprotective in mod-
els of focal ischemia (26, 48). In addition, non-NMDA recep-
tor antagonists also seem to have neuroprotective properties.
For example, 2,3-dihydroxy-6-nitro-7- sulfamoylbenzo(r)qui-
noxaline, a potent and highly selective non-NMDA receptor
antagonist, has neuroprotective actions in rat global isch-
emia (49), a model in which NMDA receptor antagonists
appear to be ineffective (50).

Concurrent studies indicate that ACEA-1021 and ACEA-
1031 have robust neuroprotective actions in a rat model of
focal ischemia (34). The present results indicate that these
compounds inhibit both NMDA and non-NMDA receptors.
Steady state selectivity indices suggest that the major sites of
action in vivo are NMDA receptors, and this is consistent
with their apparent lack of activity in a rat global ischemia
model (34). Still, it remains possible that inhibition at non-
NMDA receptors does contribute to neuroprotective efficacy;
even modest inhibition at non-NMDA receptors could syner-
gistically suppress activity at excitatory synapses and hence
augment levels of protection.
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