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ABSTRACT

In this study, we examined the effects of a novel, water-soluble, putative
competitive AMPA receptor antagonist, 1,2,3,6,7,8-hexahydro-3-(hydroxyimino)-
N,N,7-trimethyl-2-oxobenzo[2,1-b:3,4-c’]dipyrrole-5-sulfonamide (NS-257) on
AMPA, kainate and NMDA receptors using the two-electrode voltage-clamp
technique in Xenopus oocytes. All glutamate receptor subtypes were inhibited by
NS-257 in a voltage-independent way. When kainate was applied to oocytes injected
with total mouse brain mRNA, mainly AMPA receptors were activated. The
antagonistic effects of NS-257 on these kainate-induced currents were
concentration-dependent and competitive. In the same way, NS-257 blocked
kainate-induced currents recorded from oocytes expressing homomeric GluR-1
receptors. In our experiments higher concentrations (> 1 µM) of NS-257 also
produced inhibitory effects on kainate and to a lesser extent on NMDA receptor
function as indicated by recordings from GluR-6 or NR-1b/2A cRNA injected
oocytes. While NMDA receptor function was inhibited in a competitive fashion,
kainate responses recorded from homomeric GluR-6 receptors were blocked in a
mixed competitive-noncompetitive manner. This mixed antagonistic action of NS-
257 might have been caused by preincubating oocytes with concanavalin A, which
blocks desensitization of kainate receptors. Although NS-257 appeared to be a less
potent AMPA receptor antagonist then other known antagonists like NBQX, its
main advantage over all other  reported compounds so far is its higher aqueous
solubility which still represents the major weakness of the other AMPA receptor
antagonists, especially for clinical use.
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INTRODUCTION

Glutamate, the principal excitatory neurotransmitter in the brain, acts on two
classes of ionotropic glutamate receptors, namely NMDA and non-NMDA
receptors. The non-NMDA receptor group is further divided into AMPA and kainate
receptor subtypes. Although AMPA receptors can be activated by both AMPA and
kainate, they can be distinguished from kainate receptors by the different molecular
structure of their subunits. Molecular biological studies have determined that AMPA
receptors are composed of subunits GluR1-4 that can form functional channels. The
cDNAs encoding five different kainate receptor subunits have been cloned and
classified as either high affinity (KA-1 and KA-2) or low affinity (GluR5-7) kainate
receptor subunits (Hollmann and Heinemann, 1994). Besides studying these
differences on the molecular level, it is important to investigate the physiological
functions of these two receptor subtypes. It is well established that AMPA receptors
mediate fast synaptic responses at most excitatory synapses in the mammalian brain
(Collingridge and Lester, 1989). However, the physiological functions of the kainate
receptor subtype are still largely unknown (Lerma, 1997; Lerma et al., 1997).

Despite the widespread distribution of both [3H]kainate-binding sites
(Honoré et al., 1986; London and Coyle, 1979) and mRNAs coding for kainate
receptors in brain (Wisden and Seeburg, 1993), it has been difficult to demonstrate
kainate receptor-mediated currents in neurons. This may be due to the rapid
desensitization of kainate receptors after exposure to kainate as demonstrated in
dorsal root ganglia and cultured hippocampal neurons (Huettner, 1990; Lerma et al.,
1993) and the ‘masking’ of kainate responses by the large nondesensitizing response
that kainate induces at AMPA receptors (Paternain et al., 1995). Recently, a first
step towards the elucidation of kainate receptor function was made when this
subclass of glutamate receptor was shown to be synaptically activated in mossy
fiber/CA3 neuron contacts (Castillo et al., 1997; Vignes and Collingridge, 1997).
Rodriquez-Moreno et al. demonstrated that activation of kainate receptors down-
regulates GABAergic inhibition in hippocampal CA1 pyramidal neurons involving
metabotropic receptors (Rodriquez-Moreno et al., 1997; Rodriquez-Moreno and
Lerma, 1998).

Figure 1. Structure of NS-257.

N

N
O

N OH
Me2NO2S

H

H3C



NS-257 interacts with kainate and NMDA receptors

167

The lack of specific pharmacological tools to discriminate between
responses of AMPA and kainate receptors has impeded the analysis of the synaptic
function of kainate receptors. Therefore, specific AMPA receptor antagonists or
kainate receptor agonists are required to discriminate between the two subtypes of
non-NMDA receptors. Recently, a potent and competitive non-NMDA antagonist,
NS-257 {1,2,3,6,7,8-hexahydro-3-(hydroxyimino)-N,N,7-trimethyl-2-oxobenzo[2,1-
b:3,4-c’]dipyrrole-5-sulfonamide} (Fig. 1), was described (Nielsen et al., 1995;
Porter and Greenamyre, 1994; Wätjen et al., 1994). In binding experiments using rat
cortical membrane tissue, NS-257 showed an 18-fold higher affinity for [3H]AMPA-
binding sites than for [3H]kainate-binding sites. These results suggested selectivity
for AMPA receptors (Nielsen et al., 1995). Using quantitative receptor
autoradiography, NS-257 was shown to compete for [3H]AMPA binding sites in
several rat forebrain regions and cerebellar cortex (Porter and Greenamyre, 1994). It
has been assumed that NS-257 is capable of crossing the blood-brain barrier on the
basis of its anticonvulsant activity after systemic administration (Wätjen et al.,
1994). Its highly aqueous solubility made it an interesting candidate for clinical
consideration to treat neuronal degenerative conditions depending upon glutamate
toxicity such as stroke, Huntington’s disease, amyotrophic lateral sclerosis and
Alzheimer’s disease (Lipton et al., 1994; Meldrum and Garthwaite, 1990).

In this study, we investigated the potency and selectivity of this new
compound, NS-257, on different glutamate receptor subtypes using the two-
electrode voltage-clamp technique in Xenopus oocytes injected with either total
mouse brain mRNA or cRNA encoding for GluR-1, NR-1b/2A or GluR-6.

MATERIALS AND METHODS

RNA Preparation and Expression in Xenopus Oocytes
Total RNA was isolated from the whole brain of adult male C57BL/6J mice by extraction of

fresh tissue with guanidine thiocyanate and precipitation with LiCl (Cathala et al., 1983). Poly (A)+

mRNA was purified by oligo(dT)-cellulose chromatography (Pharmacia mRNA Purification Kit) and
dissolved in RNase-free water at a concentration of 0.5 µg/µl. Plasmids containing the cDNA clones
encoding the NR-1b, NR-2A, GluR-1 and GluR-6 receptor subunits were linearized by digestion with
PvuI (NR-1b), XhoI (GluR-1) or NotI (NR-2A and GluR-6) and used as transcription templates. In vitro
transcription was carried out by T7 or T3 RNA polymerase in the presence of the capping reagent
m7G(5')ppp(5')G. RNA transcripts were precipitated with ethanol and the precipitate was dissolved in
DEPC-water. Oocytes were collected from anaesthetized specimens of Xenopus laevis as described
(Kushner et al., 1988). Follicular cell layers were removed manually after incubation for 2 h at room
temperature in Ca2+-free modified Barth's solution containing 3.2 mg/ml collagenase, type II. Stage V
and stage VI oocytes were pressure-injected with 50 ng poly (A)+ total brain mRNA/oocyte within 24 h
after harvesting. In some experiments, oocytes were injected with 10 ng GluR-1 or GluR-6
cRNA/oocyte. The NR-1b cRNA was coinjected with NR-2A cRNA in the ratio 1:2 (10 ng: 20 ng).
Oocytes were kept at 18°C in modified Barth's solution.

Electrophysiological Recordings
Four to seven days after injection, oocytes were placed in a recording chamber (volume ± 40

µl) and continuously superfused (1.5 ml/min) with recording solution at room temperature (20-24°C).
Oocytes were voltage-clamped by a conventional two-microelectrode voltage-clamp technique
(Stühmer, 1992). The membrane potential of the oocytes was held at -80 mV using a Turbo Clamp Tec
01C amplifier (N.P.I. Electronic, Tamm, Germany). The two microelectrodes were filled with 3 M KCl
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and had resistances between 1-3 MΩ. Drugs were applied to the depression where the oocyte was held
with a micropipette (200 µl) after stopping the superfusion. The depression where the oocyte was held
had a volume of ± 5 µl, therefore any dilution or superfusion artefacts could be neglected. In some
experiments, oocytes were preincubated with a solution containing either concanavalin A (300 µg/ml;
type IV; 10 min before concentration response curve establishment) or cyclothiazide (100 µM; 1 min
before recording each response). Following cyclothiazide preincubation, cyclothiazide was also added
to the agonist solution. NS-257 and 6-nitro-7-sulphamoyl-benzo(f)quinoxaline-2-3-dione (NBQX) were
prepared as a 1 mM stock solution in bidistilled water and DMSO, respectively. Cyclothiazide was
dissolved in DMSO to a concentration of 20 mM. The final DMSO concentration never exceeded 0.5%
(v/v), which, upon application, induced no change in membrane current on its own and which had no
effect on kainate-induced currents. Stock solutions of all other substances were prepared in recording
solution. The pH of the kainate stock solution was adjusted to 7.2. Stock solutions were diluted with
recording solution to the final concentrations. Concentration response curves of kainate and NMDA,
starting with the lowest concentration, were recorded after at least 2-3 identical responses could be
elicited. Glycine (10 µM) was routinely added to the NMDA solution. Each response was followed by
a 2 min wash-out period with recording solution before the next response was elicited. This wash-out
procedure was sufficient to prevent interference of subsequent treatments. Concentration response
curves before and after treatment were always measured in the same oocyte. The stability of responses
was tested by applying 100 µM agonist before and after establishment of concentration response
curves. Both response amplitudes never significantly differed from each other excluding that a decrease
of responses was simply due to a time-dependent “run-down” of response amplitudes upon agonist
application. The voltage dependence of the blocking activity of NS-257 was determined by stepping the
membrane potential through a series of voltage commands (from -120 to +30 mV). Leakage currents
were estimated by applying the same series of voltage steps in the absence of agonist. The difference
between these two currents at each potential was taken as the agonist-induced current. The same
procedure was followed for the agonist in the presence of NS-257. The concentration of NS-257 used
in these experiments was the IC50 concentration of NS-257 as calculated from the appropriate inhibition
curves. For all experiments at least two different batches of oocytes were used. Oocytes were not
further used if reproducible responses could not be recorded within 30 min. Current signals were low-
pass filtered at 30 Hz employing a four pole Bessel filter and digitized by an ITC 16-MAC interface
(Instrutech, Great Neck, NY, U.S.A.). Data were sampled at 100 Hz and stored on a Macintosh
(7100/66) computer using data acquisition software (Pulse 7.40, HEKA electronic, Lambrecht/Pfalz,
Germany).

Data Analysis
The maximal response amplitude, the agonist concentration causing half maximal response

(EC50), and the slope coefficient (n) were determined with a non-linear least square curve-fitting
program by fitting the data to the logistic equation:
amplitude = maximal amplitude / [1+(EC50/[agonist])n].

For each oocyte, absolute response amplitude values were first fitted to the above equation.
The absolute values were then normalized relative to the extrapolated maximal response amplitude
calculated. The curves shown were obtained by reapplying the equation to the normalized average
values. The reduction in maximal amplitude was obtained by subtracting the maximal amplitude, as
calculated from the equation, in the presence of NS-257 from the maximal amplitude in the absence of
NS-257. Statistical comparisons were made using the Student's t test. Results were expressed as mean ±
SEM. p-values ≥ 0.05 were regarded as not significant.

Solutions
Modified Barth's solution contained (in mM): 88 NaCl, 1 KCl, 2.4 NaHCO3, 15 Hepes, 0.8

MgSO4, 0.3 Ca(NO3)2 and 0.6 CaCl2, and 50 U/ml penicillin and 50 µg/ml streptomycin (adjusted to
pH 7.6 with NaOH). Ca2+-free modified Barth's solution contained (in mM): 88 NaCl, 1 KCl, 2.4
NaHCO3, 15 Hepes, 0.8 MgSO4, and 50 U/ml penicillin and 50 µg/ml streptomycin (adjusted to pH 7.6
with NaOH). Electrophysiological recordings were carried out in recording solution containing (in
mM): 115 NaCl, 2.5 KCl, 1.8 Ba Cl2, 10 Hepes (pH adjusted to 7.2 with NaOH). Ba2+ ions were
chosen as a substitute for Ca2+ ions in order to minimize secondary activation of Ca2+-dependent Cl-

currents.
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Materials
Mature female specimens of X. laevis were obtained from Kähler (Hamburg, Germany).

Collagenase, type II, was from Worthington Biochemicals (Freehold, NJ, U.S.A.), mRNA Purification
Kit from Pharmacia LKB Biotechnology (Uppsala, Sweden). Penicillin and streptomycin were from
Gibco (Paisley, U.K.). NS-257 hydrochloride was obtained from RBI (Natick, MA, U.S.A.) and NBQX
from Tocris (Bristol, U.K.). All other drugs and salts were purchased from Sigma (St. Louis, MO,
U.S.A.).

RESULTS

Properties of kainate-induced currents recorded from oocytes injected with
total mouse brain mRNA

Xenopus oocytes injected with total mouse brain mRNA were voltage-
clamped at a holding potential of -80 mV. From the kainate concentration response
curve a slope coefficient of 1.51 ± 0.03 and an EC50 concentration of 155.9 ± 6.2 µM
were calculated. When oocytes were preincubated with concanavalin A (con A),
which is known to prevent kainate receptor desensitization (Partin et al., 1993;
Wong and Mayer, 1993), kainate-induced currents were not affected (EC50

concentration 167.3 ± 8.8, slope coefficient 1.47 ± 0.09; n = 4; Fig. 2).

Figure 2. Cyclothiazide but not concanavalin A (con A) strongly affects responses
recorded from oocytes expressing total mouse brain mRNA. A, Representative inward
currents evoked by 100 µM kainate after 10 min incubation with con A (300 µg/ml;
10 min) or before and during 100 µM cyclothiazide application. B, Concentration
response relationships for kainate with or without preincubation with either
cyclothiazide or con A. Each point represents the mean ± SEM of four to twelve
oocytes. The smooth curves are the result of nonlinear least square fit of the data to
the logistic equation and are plotted relative to the extrapolated maximal current.

In contrast, responses were markedly potentiated by cyclothiazide, a
compound that is known to block glutamate-induced desensitization of the AMPA
receptor subtype (Fig. 2A) (Partin et al., 1994). The data indicated much greater
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cyclothiazide-mediated potentiation of kainate responses at low compared to high
doses of agonist (data not shown). Cyclothiazide produced a leftward shift of the
kainate concentration response curve (Fig. 2B). Data analysis revealed a decrease of
the EC50 concentration for kainate from a control concentration of 155.9 ± 6.2 µM to
92.8 ± 5.7 µM and a change in the slope coefficient from 1.47 ±  0.09 to 1.22 ± 0.04
(n = 8).

Antagonism of kainate-induced currents by NS-257
The potency of NS-257 to block these kainate-induced currents recorded

from oocytes injected with total mouse brain mRNA was examined. Bath
application of kainate (1-1000 µM) induced inward currents with a larger amplitude
as concentration increased. Co-application of NS-257 (0.5 or 1 µM) resulted in a
reversible inhibition of the response to kainate. NS-257 reduced the kainate-induced
current competitively, with a increase in the EC50 for kainate (control: 154.0 ± 17.1
µM; + 0.5 µM NS-257: 253.5 ± 16.7 µM; + 1.0 µM NS-257: 371.4 ±  15.6 µM; n =
4) and no significant effect on the slope coefficient (control: 1.37 ± 0.05; + 0.5 µM
NS-257: 1.36 ± 0.03; + 1.0 µM NS-257: 1.37 ± 0.03) or maximal response (Fig. 3).

Figure 3. Effect of NS-257 on
kainate-induced currents recorded
from total mouse brain mRNA
injected oocytes. A, Representative
currents evoked by 100 µM
kainate with and without 1.0 µM
NS-257 .  B , Concentration
response curves show the
inhibition of kainate-induced
currents by 0.5 µM and 1.0 µM
NS-257. Values were normalized
to the extrapolated maximal
agonist-induced current in the
absence of NS-257. The curves
shown were obtained by applying
the logistic equation to the relative
average values. Points represent
mean ± SEM of four oocytes.

Antagonistic activity of NS-257 on recombinant AMPA receptors
Kainate-induced currents were recorded from oocytes injected with GluR-1

cRNA. In the absence of NS-257, the kainate EC50 concentration was 72.7 ± 6.6 µM
whereas in the presence of 1.0 µM NS-257 the kainate concentration response curve
showed a shift to the right giving an average EC50 concentration of 196.2 ± 12.6 µM
(n = 9; Fig. 4). NS-257 did neither change the maximal response nor the slope
coefficient (control: 1.02 ± 0.03; + 1.0 µM NS-257: 1.07 ± 0.02) compared to
control conditions.
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Figure 4. NS-257 antagonizes
cur ren t s  r ecorded  f rom
recombinant AMPA receptors. A,
Responses evoked by 100 µm
kainate in the presence and
absence of 1.0 µM NS-257 from
oocytes injected with GluR-1
cRNA. B, Concentration response
curve of kainate-induced currents
with and without 1.0 µM NS-257.
Data are presented as described
for Fig. 3. Points represent mean ±
SEM of four oocytes.

Antagonistic effect of NS-257 on kainate-induced currents recorded from
oocytes injected with GluR-6 cRNA

The pharmacological properties of NS-257 on kainate receptors were
investigated in Xenopus oocytes injected with cRNA coding for the GluR-6 subunit.
GluR-6 was used on the basis of previous studies demonstrating that GluR-6
subunits form functional homomeric channels, which behave like native kainate
receptors (Lerma et al., 1993; Patneau et al., 1994).

Figure 5. Mixed competitive-
noncompetitive block of kainate
receptors by NS-257. A , Inward
current activated by 100 µM
kainate before and after a 10 min
incubation with 300 µg/ml con A.
NS-257 reduced the kainte-induced
current. B, After con A treatment
GluR-6 cRNA injected oocytes
were exposed to increasing kainate
concentrations with and without 50
µM NS-257. Points represent mean
± SEM of eight oocytes. Data are
shown as described for Fig. 3
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Receptor desensitization was routinely prevented by preincubation with con
A for 10 min. From the kainate concentration response curve, an EC50 concentration
of 1.28 ± 0.21 µM and a slope coefficient of 1.17 ±  0.09 were deduced. Fifty µM
NS-257 produced a reversible inhibition of kainate-induced currents in a mixed
competitive-noncompetitive manner (EC50 concentration 34.49 ± 2.74 µM; slope
coefficient 1.46 ± 0.10; n = 8; Fig. 5). The maximal response was reduced by 14 ±
3%.

Antagonistic effect of NS-257 on NMDA-induced currents
Finally, the effect of NS-257 on the NMDA receptor subtype was tested.

NMDA responses were elicited in oocytes injected with NR-1b/2A cRNA by
application of NMDA (1-1000 µM) and its coagonist glycine (10 µM).
Concentration response curves generated for NMDA in 4 oocytes showed an EC50

concentration of 75.1 ± 9.8 µM and a slope coefficient of 1.45 ±  0.04. When
subsequently a constant concentration of NS-257 (30 µM) was combined with
increasing concentrations of NMDA, it was evident that NS-257 shifted the NMDA
concentration response curve to the right (EC50 concentration 134.1 ± 16.5 µM; Fig.
6). There was no significant change in the maximal response but the slope
coefficient changed from 1.45 ± 0.04 to 1.82 ± 0.09.

Figure 6. Effect of NS-257 on
recombinant NMDA receptors.
A, Representative current evoked
by 100 µM NMDA and its
coagonist glycine (10 µM) in the
absence and presence of 30 µM
NS-257. B , The concentration
response relationships for
NMDA with and without 30 µM
NS-257 in NR-1b/2A cRNA
injected oocytes is shown.
Glycine (10 µM) was routinely
added to the NMDA solution.
Points represent mean ± SEM of
four oocytes. Data are presented
as described for Fig. 3.

Potency and selectivity of NS-257
The potency of NS-257 (0-100 µM) to block kainate-induced currents which

were recorded from oocytes injected with total mouse brain mRNA, was compared
to the potency of NBQX (0-50 µM), a known potent and selective competitive
AMPA receptor antagonist. Kainate was used at a concentration producing a half
maximal response (EC50 concentration 155 µM) as determined from the
concentration response curves. The IC50 concentrations estimated from inhibition
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curves were 1.05 ± 0.04 µM for NS-257 (n  = 5) and 0.08 ± 0.01 µM for NBQX (n =
4; Fig. 7A). The slope coefficients did not significantly differ, -1.31 ± 0.02 and -1.40
± 0.12 for NS-257 and NBQX, respectively.

To determine the selectivity of NS-257 for recombinant AMPA, kainate or
NMDA receptors, a range of concentrations (0-100 µM) was tested for their ability
to block currents evoked by the EC50 agonist concentration as calculated from the
appropriate concentration response curves. Increasing concentrations of NS-257
(from 0 to 100 µM) potently blocked kainate-induced currents recorded from GluR-
1 receptors (IC50 concentration: 0.97 ± 0.08 µM; slope coefficient: -1.28 ±  0.05; n =
5). Interestingly, NS-257 blocked kainate-induced currents from recombinant
AMPA receptors in the same way as kainate-induced currents recorded from oocytes
injected with total mouse brain mRNA, as reflected by overlapping inhibition curves
(Fig. 7B). NS-257 was less potent in blocking responses recorded from GluR-6 or
NR-1b/2A receptors (Fig. 7B). The IC50 concentrations were 2.30 ± 0.05 µM (n  = 5)
and 28.3 ± 4.4 µM (n = 3), respectively. The slope coefficients, however, did not
significantly differ from GluR-1 receptors (GluR-6: -1.26 ± 0.03 and NR-1b/2A: -
1.38 ± 0.12).

Figure 7. Potency of NS-257. A,
Concentration-dependent effect of
NS-257 and NBQX on kainate-
induced currents recorded from
total mouse brain mRNA injected
oocytes. NS-257 or NBQX was
added to the EC50 concentration of
kainate (155 µM) as calculated from
the concentration response curve. B,
Comparison of the blocking activity
of NS-257 on the different glutamate
receptor subtypes as recorded from
oocytes injected with GluR-1, GluR-
6, NR-1b/2a cRNA or total mouse
brain mRNA. NS-257 (0-100 µM)
was added to the EC50 concentration
of agonist .  Responses are
normalized relative to the current
evoked by the EC50 concentration of
agonist in the absence of the
antagonist. Points represent mean ±
SEM of four to five oocytes.
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Voltage dependence of the NS-257 block
An examination of the I-V relationship was used to assess whether the

inhibition induced by NS-257 was voltage-dependent. The I-V curves for kainate-
induced currents (100 µM) recorded from oocytes injected with GluR-1 over a
membrane potential range from -120 to +30 mV, exhibited a strong inward
rectification. This characteristic inward rectification was unaffected by NS-257 (0.97
µM; n  = 7; Fig. 8A). Similar results were obtained by using kainate (1 µM) as
receptor agonist for homomeric GluR-6 receptors. This I-V curve also displayed a
strong inward rectification, which was not changed by NS-257 (2.3 µM; n = 6; Fig.
8B). The I-V relationship for the response to 100 µM NMDA and its coagonist
glycine (10 µM) recorded from NR-1b/2A cRNA injected oocytes was linear and
had a reversal potential close to 0 mV. Both linearity of the I-V curve and reversal
potential for NMDA-induced currents were unchanged in the presence of 28 µM
NS-257 (n = 6; Fig. 8C).

DISCUSSION

In recent years, numerous attempts were made to discriminate
pharmacologically between AMPA and kainate receptors. The lack of specific
antagonists has precluded the analysis of kainate receptor function without
interference from activated AMPA receptors. In this electrophysiological study we
examined the inhibitory action of NS-257, a novel AMPA receptor antagonist
(Nielsen et al., 1995; Porter and Greenamyre, 1994; Wätjen et al., 1994), on NMDA
and non-NMDA glutamate receptors using the Xenopus oocyte expression system.

Radioligand binding studies suggested that NS-257 binds preferentially to
AMPA receptors with limited affinity for NMDA and kainate receptors (Wätjen et
al., 1994). In agreement, our electrophysiological experiments exhibited a selectivity
of NS-257 for AMPA receptors with confined inhibitory effects on kainate and to a
lesser extent on NMDA receptors. The blocking activity of NS-257 was voltage-
independent for both kainate-activated currents recorded from homomeric GluR-1
and GluR-6 receptors (both displayed inward-rectifying I-V relationships) as well as
for NMDA-activated currents recorded from heteromeric NR-1b/2A receptors
(linear I-V relationship). This lack of voltage dependence pointed that NS-257 was
binding in all cases at the receptor complex largely outside the transmembrane
electric field of the channel pore region. The two compounds cyclothiazide and
concanavalin A (con A) were used to characterize the kainate-induced currents
recorded from total mouse brain mRNA injected oocytes. Previous studies of
recombinant glutamate receptors expressed in Xenopus oocytes and human
embryonic kidney (HEK 293) cells demonstrated that cyclothiazide-mediated
potentiation is highly selective for AMPA receptor function. In contrast, con A is
only effective at kainate but not at AMPA receptors (Partin et al., 1993; Wong and
Mayer, 1993).
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Figure 8. Voltage-dependence of the NS-257 blocking activity.
I-V relationships determined from GluR-1 (A), GluR-6 (B) or NR-1b/2A (C) cRNA
injected oocytes before and after the application of NS-257 (IC50 concentration as
calculated from the appropriate inhibition curves).

Since in our experimental paradigm cyclothiazide, but not con A, affected
kainate-induced currents recorded from oocytes expressing total mouse brain
mRNA, it was concluded that these currents were mainly caused by the activation of
AMPA receptors. The EC50 concentration and slope coefficient calculated from the
obtained kainate concentration response curve were in the range reported for oocytes
injected with mRNA isolated from rat cortex (Okada et al., 1996) and hippocampal
neurons (Patneau et al., 1993).

Interestingly, cyclothiazide appeared to enhance responses more potently at
low than at high kainate concentrations, which resulted in a distorted concentration
response curve for low kainate concentrations in the presence of cyclothiazide.
These functional properties might be explained by the fact that heteromeric AMPA
receptors contain subunit splice variants with different sensitivity to cyclothiazide
and/or kainate (Partin et al., 1994).

The kainate concentration response curve recorded from total mouse brain
mRNA injected oocytes revealed a parallel shift to the right without change in the
maximal response, when NS-257 was added to the agonist. This was consistent with
the suggestion that NS-257 acted as a competitive antagonist at kainate recognition
sites of AMPA receptors.

A similar mode of antagonism was found when kainate-induced responses
were recorded from GluR-1 receptors. Kainate concentration response curves from
total mouse brain mRNA injected oocytes and GluR-1 cRNA injected oocytes
showed different EC50 concentrations. This might be explained by a difference in
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receptor subunit composition. However, receptor subunit composition did not
influence NS-257 block as evidenced by the two overlapping concentration response
curves showing the inhibition of kainate-induced currents by different NS-257
concentrations. The observation that the inhibition curves were overlapping, also
indicated that kainate-induced responses from total mouse brain mRNA injected
oocytes were mainly caused by AMPA receptor activation.

Concentration response curves established from oocytes expressing total
brain mRNA, GluR-1 or NR-1b/2A cRNA all exhibited a competitive antagonism of
NS-257. In contrast, concentration response curves for GluR-6 receptors showed a
mixed competitive-noncompetitive nature of NS-257 antagonism. Although this
finding might suggest that NS-257 was binding at two different kainate receptor
binding sites it can not be excluded that the preincubation with con A was at least
partially responsible for this mixed character of NS-257 inhibition.

When the potency of NS-257 to block kainate-induced currents recorded
from total mouse brain mRNA injected oocytes was compared to the potency of
NBQX, a well-characterized AMPA receptor antagonist, it was shown that NBQX
was ~13-fold more potent. This was in agreement with former binding studies,
which showed that NS-257 is a less potent AMPA receptor antagonist compared to
NBQX (Porter and Greenamyre, 1994; Wätjen et al., 1994).

Receptor antagonists are not only interesting as experimental tools for
investigating fundamental central nervous mechanisms, but also as potential drugs
for CNS disorders. Various competitive and noncompetitive AMPA receptor
antagonists have been shown to be neuroprotective in animal models of ischemic
injury or other neurodegenerative conditions (Gill, 1994). But the use of most
AMPA/kainate antagonists like NBQX was hampered by solubility problems, which
resulted in nephrotoxicity following intravenous administration (Xue et al., 1994).
The higher aqueous solubility of NS-257 compared to other potent AMPA receptor
antagonists and the finding that systemic administration of NS-257 protected against
seizures (Wätjen et al., 1994) makes it a highly interesting compound for clinical
use. We showed that, besides blocking AMPA receptor function, NS-257 exhibited
distinct inhibition of responses recorded from kainate and NMDA receptor channels.
Therefore, to further consider the use of NS-257 for experimental or therapeutic
purposes a concentration around 1µM is recommendable to suppress AMPA
receptor-mediated currents with minor side effects on kainate and NMDA receptor
function.
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