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SUMMARY

Xenopus oocytes injected with rat brain mRNA were used to
identify and characterize the effects of compounds that are
antagonists at both the glycine site on N-methyl-D-aspartate
(NMDA)receptors and the quisqualate/kainate receptor. Oocytes
were voltage-clamped at -60 mV and inward currents were
measured at equilibrium following perfusion with agonists and
antagonists. Application of 7-chlorokynurenic acid (7-CI-Kyn) or
6,7-dichloro-3-hydroxy-2-quinoxahne carboxylic acid (6,7-diCI-
HOC), each at I 5 sM, prOdUced a parallel shift to the right of the
glycine concentration-response curve. Schild analysis indicated
a K8 of 300 flM for 6,7-diCI-HOC and 350 flM for 7-CI-Kyn. The
slopes of the Schild plots were 1 .01 -1 .02 in each case, sug-
gesting that both compounds are competitive glycine antago-
nists. Both compounds also blocked the receptor mediating
kainate-induced inward current. Schild analysis of 6,7-diCI-HOC
(K8 3.0 MM, slope = 0.98) indicated competitive antagonism of
kainate currents, but with a potency 1 0-fold lower than at the
glycine site. 7-CI-Kyn antagonized kainate-evoked currents (K8
= 14.1 SM), but the slope of the Schild regression was less than
1 (0.72 ± 0.1 1 ; p < 0.05). Thus, 7-CI-kyn was approximately 40-
fold more potent at the glycine site than at the receptor mediating

kainate currents but is probably not entirely competitive at the
latter receptor. Omission of the Cl groups from these antagonists
drastically reduced activity at both glycine and kainate sites. 6,7-
Dinitro- and 6-cyano-7-nitro-quinoxalinedione were both more
potent antagonists of kainate than glycine, but substitution of Cl
at the 6-position and especially the 6- and 7-positions increased
potency at the glycine site. These results suggest that the glycine
coagonist site of the NMDA receptor and the agonist binding
site of the quisqualate/kainate receptor have some structural
similarity. Halogenated derivatives of quinoxalines and kynuren-
ines should be useful in evaluating the function of the glycine
site in synaptic transmission mediated by NMDA receptors. In
this regard we found that 7-CI-kyn (5 and 1 5 �M) selectively
attenuated NMDA receptor-mediated epileptiform bursts in the
CAl region of hippocampal slices perfused with zero-Mg me-
dium, without reducing the amplitude of the primary population
spike. This block could be overcome by 300 �M D-serine, which
alone did not influence bursting. These results together indicate
that the glycine site plays a role in epileptiform bursting mediated
by NMDA receptors in adult rat hippocampus.

Of several binding sites on NMDA receptors, that activated
by glycine has been the subject of intense recent interest.
Glycine was initially found to potentiate the responses of
NMDA receptor agonists in cultured neurons (1) and has been

shown to be required for NMDA receptor activity in Xenopus

oocytes (2, 3). Mayer et al. (4) recently reported that part of
the observed potentiation by glycine was due to a relief from
desensitization of the NMDA receptor. Glycine has also been
shown to modulate the binding of uncompetitive NMDA recep-
tor antagonists (5-8). This site, therefore, provides new oppor-
tunities for manipulating NMDA receptor function. An antag-
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onist of this site could be used to define the role of the glycine
site in synaptic transmission and might be effective against
NMDA receptor-mediated neuropathologies (9-1 1), whereas
currently available NMDA antagonists may not be clinically
used (12, 13).

Several compounds with possible antagonist activity at the
glycine site have been identified. Kynurenic acid and its more

potent and selective derivative 7-Cl-kyn have been reported to

compete with strychnine-insensitive [3H]glycine binding (14).
Glycine and D-serine can also overcome blockade of NMDA-

mediated responses by these compounds in cultured neurons
and hippocampal slices, suggesting that the kynurenines act at

the glycine site (14-16). The reduction of NMDA responses by
three quinoxalines, CNQX, DNQX, and 6,7-diCl-HQC, could

also be overcome by raising the glycine concentration, but these
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compounds have significant activity against the kainate/quis-
qualate receptor as well (17-20). Although these quinoxaline
and kynurenine derivatives appear to block the glycine site, it
is unclear whether their effects are competitive and selective.

We have used the Xenopus oocyte mRNA translation system

to characterize six quinoxaline derivatives, plus kynurenic acid
and 7-Ci-kyn, as antagonists of the glycine site on the NMDA
receptor. Two of them, 6,7-diCl-HQC and 7-Cl-kyn, are potent
competitive antagonists of this site. 7-Cl-kyn is also effective
against bursting induced by low magnesium in the hippocampal

slice preparation, suggesting a role for the glycine site in epi-
leptiform bursting. All compounds tested interacted with both
the glycine and kainate sites with only moderate selectivity,
which suggests similarity in the receptor binding sites.

Materials and Methods

RNA extraction. RNA was prepared from rat brain by a variation
of the Chirgwin method (21), as described by Verdoorn and Dingledine

(22), and poly(A)� RNA was selected by one round ofoligo(dT) cellulose

chromatography (23). The final washed pellets were dissolved in sterile

distilled water to a concentration of 0.8-1.2 mg of RNA/ml and were
stored in single-use aliquoth at -70’.

Oocytes. Xenopus laeuis females were anesthetized with 0.12-0.16%
tricaine methyl sulfonate. Lobes of ovary were removed through a small
incision in the abdomen and placed in MBS (88 mM NaCl, 1 mM KC1,

2.4 mM sodium bicarbonate, 10 mM HEPES, 0.82 mM MgSO4, 0.33 mM

Ca(NO3)2, and 0.91 mM CaCl2, supplemented with 0.01% each of

penicillin and streptomycin). The ovary was cut into small pieces and

incubated in Dispase (neutral protease, 1.5 mg/ml; Boehringer Mann-

heim Biochemicals) in MBS for about 1 hr, until oocytes began to
dissociate from the ovary. Individual oocytes were placed in 100 mM

sucrose in MBS until the oocyte began to shrink away from the follicle
cell layer (1-10 rain), and the follicle cells were then removed with

jewelers forceps. Defolliculated oocytes were injected with 40-60 ng of
poly(A)� RNA and cultured in MBS for 48 hr before electrophysiolog-

ical experiments were begun. The oocytes remained viable for up to 7

days after removal from the ovary.

Electrophysiology. Oocytes were placed in a recording chamber
and perfusedcontinuously with MBS, in which the MgSO4 was replaced
with 0.55 mM NaSO4, and an additional 0.5 mM CaCl2 was added.

Oocytes were impaled with two microelectrodes filled with 3 M CsCl

and 10 mM EGTA, and were voltage-clamped (Axoclamp 2A; Axon

Instruments) at a holding potential of -60 mV. Drugs were dissolved

in MBS and were applied by switching the perfusion solution from
MBS alone to MBS plus drug. Dose-response curves were constructed
in the absence and presence of antagonist by applying sequentially

increasing concentrations of agonist every 5 mm, with a washout period
between applications. Each drug application (1-2 mm) was ended when

an equilibrium current response for that concentration was reached.

Current responses were recorded on FM tape and digitized on an IBM
AT computer. The plateau drug-induced current was plotted against
drug concentration, and the data were fit, by a nonlinear least squares

curve-fitting program, to the logistic equation:

Current = maximum current/El + (EC�/[agonist])’]

where n representa the Hill coefficient and ECse represents the concen-

tration of agonist that elicits a half-maximal current response.
Schild analysis of antagonist potency was performed by the method

described in Verdoorn et aL (19). Briefly, an agonist was applied by
perfusion at three concentrations defining the linear portion of the

dose-response curve and encompassing the ECse, both in the absence

and in the presence of three concentrations of antagonist. The dose
ratio (DR) (the shift in the agonist ECse produced by each concentra-
tion of antagonist) was calculated and the log(DR-1) was plotted

against the logarithm of the antagonist concentration to produce the

Schild plot. The slope of the resulting regression line should be equal
to 1 for a competitive antagonist (24). The x-intercept is the pA2, the

negative logarithm ofthe dissociation constant (KB) for the antagonist,

which reflects the affinity of the antagonist for the binding site (24).
Hippocampal slice. Rat hippocampal slices were prepared and

maintained as described previously (25). Epileptiform bursts of CAl

pyramidal cells were evoked by electrical stimulation of the Schaffer
commissural pathway in slices perfused with zero-Mg medium, which

unmasks an NMDA receptor component of the excitatory synaptic
potential (26). Such bursts can be abolished by perfusion with D-2-

amino-5-phosphonovaleric acid. The coastline burst index (27), which
provides an objective measure of the intensity of bursts, was used to

evaluate the effect of potential glycine site antagonists on evoked

bursting. Measurements from 60 to 100 bursts were averaged in control

conditions, then in the presence of 5 or 15 �M 7-Cl-kyn, and finally

after adding 300 �M D-serine to the antagonist-containing medium. In

the same experiments, the amplitude of the first evoked population
spike was measured as an indicator of non-NMDA receptor activation.
Data are expressed as a percentage of the control value.

Source of compounds. CNQX was a gift from T. Honore (Ferrosan
Research Division, Denmark) and was later obtained from Tocris. All

other quinoxalines and 7-Cl-kyn were obtained from Tocris. Kynuren-

ate was obtained from Sigma Chemical Co. NMDA was obtained from

Cambridge Research Biochemicals and glycine was from Pierce.

Results

Xenopus oocytes. We assessed the potency, competitive-
ness, and selectivity of antagonists of the glycine site on the

NMDA receptor in Xenopus oocytes by construction of dose-
response curves for glycine, NMDA, and kainate in the presence
and absence of potential antagonists and, where appropriate,
by Schild analysis. The compounds tested were quinoxalines,

primarily those substituted in the 6- and 7-positions, and

kynurenines. We first compared the ability of each compound

to block inward currents produced by an EC� of kainate (300

�tM) or and EC�� of glycine (3 �zM) plus a maximal concentra-

tion of NMDA (300 �M) (Fig. 1). With this procedure, approx-

imately equieffective concentrations of both glycine and kain-

ate were tested. The compounds most effective at inhibiting
NMDA/glycine currents were chlorinated derivatives of the
quinoxalines and kynurenines. 7-Cl-kyn (15 �tM) reduced the

current elicited by NMDA and glycine by 92 ± 3.9%, while

reducing the current elicited by kainate by only 15.1 ± 3.2%

(Fig. 1). 6,7-DiC1-HQC (15 MM) reduced the current elicited by
NMDA plus glycine by 85 ± 0.8% and that elicited by kainate

by 72 ± 2.1%. Its dione derivative, 6,7-diCl-QX, was slightly

less effective against NMDA/glycine evoked currents but was

significantly less effective against kainate currents than was

6,7-diCl-HQC. 6-Cl-QX was less effective than 6,7-diCl-HQC
against glycine currents but was equally effective at the kainate

site. For each of these compounds, when the NMDA/glycine

current had an initial desensitizing phase, both the initial phase

(1) and the equilibrium current were blocked, although the initial
phase was blocked to a greater extent (e.g., Figs. 2B and 3A).

The unhalogenated derivatives of these compounds were

virtually ineffective at antagonizing either glycine or kainate

currents, at a concentration of 15 zM. Kynurenate blocked only
16.6 ± 11.3 and 7.3 ± 5.8% of NMDA/glycine and kainate

currents, respectively (Fig. 1). HQC was even less effective,

blocking 3.8 ± 8.8 and 3.2 ± 10.4% of NMDA/glycine and

kainate currents. In contrast to both of the above groups of
compounds, CNQX and DNQX blocked kainate currents (97.0
± 0.2 and 96.2 ± 1.6%, respectively) more effectively than
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Fig. 1. Effectiveness of quinoxaline and kynurenic acid derivatives at
antagonizing inward currents evoked by NMDA/glycine and kainate in
Xenopus oocytes injected with rat brain mRNA. Oocytes were perfused
with 3 MM 9lydfl� and 15 �M antagonist for at least 5 mm before
application of 300 �M NMDA or kainate in the presence of glycine and
the antagonist. Bars represent the mean ± standard error of percentage
of the NMDA/glycsne- or kainate-induced current inhibited by each antag-
onist for three cells each, except for 6,7-diCl-OX and 6-Cl-OX where n
= 2. Structures of each compound are given to the right of the corre-
sporiding bars.

NMDA/glycine currents (44.1 ± 1.1 and 74.2 ± 5.3%), which

is consistent with previous reports (17, 19, 28). We have pre-
viously shown that CNQX is a mixed competitive/noncompet-

itive antagonist of the glycine site (19).
The antagonism of the currents elicited by NMDA and

glycine by 7-Cl-kyn and 6,7-diCl-HQC could be overcome by

increasing the glycine concentration to 300 sM but not by
increasing the NMDA concentration to 1 mM (Figs. 2A, 2B,
and 3A). To characterize further the selectivity of these two
antagonists, we determined their effects on full dose-response
curves for glycine and kainate. Dose-response curves for glycine
were shifted to the right in a parallel manner in the presence
of either 15 �iM 6,7-diCl-HQC (Fig. 2C) or 7-Cl-kyn (Fig. 3B).
The magnitude of the shift was approximately 50-fold for each
antagonist. In contrast, the maximum response of the NMDA
dose-response curve was depressed by 6,7-diCl-HQC without a
shift of the curve to the right (Fig. 2D). These results, taken
together, are consistent with the interpretation that 6,7-diCl-
HQC and 7-Cl-kyn act competitively at the glycine site on the
NMDA receptor. Both compounds were less effective at shifting
the dose-response curves for kainate. 6,7-DiCl-HQC (15 �tM)

shifted the kainate dose-response curve to the right by approx-
imately 10-fold whereas the shift produced by 15 �zM 7-Cl-kyn

was only 2-fold (Figs. 4A and 5A).
To determine the relative potency of these two antagonists

for the glycine and kainate sites and to further investigate the

competitive nature of the antagonism, Schild analysis was

performed. Dose-response curves for each agonist (glycine and
kainate) were shifted to the right by increasing concentrations
of each antagonist in a parallel manner (Figs. 3B, 4A, 5A, and

6A). As expected from the equivalent shifts in the glycine dose-
response curves by 15 �zM 6,7-diCl-HQC and 7-Cl-kyn, these

A. 100 NMDA 100 100 1 0

3 Glycine 3 300 �

0�CI-HQC 15 �_iL � 0.8

� � 3OnA � �06�0 4� 0.260 s 0

1 .0
B 100 NMDA 100 iooo �

1 0 Glycine 1 0 1 0 � o 8

0�CI-HQC 15 15-Hit---�r �r
� 0.4

__] 3OnA �0.2

60s 0

-8 -7 -6 -5 -4 -3

Log [G�ycr�e] (u)

Fig. 2. 6,7-diCl-HQC antagonizes NMDA/glycine-induced currents by an
interaction at the glycine site. A and B, The perfusion solution was
changed to include NMDA and glycine, plus or minus the antagonist,
6,7-diCI-HOC (diCI-HQC), at the time indicated by the horizontal bar.
The antagonist (1 5 zM) was perfused onto the oocyte for at least 5 mm
before drug application for the center and right traces. 6,7-diCI-HOC

antagonism of the NMDA receptor was overcome by increasing the
concentration of glycine (A) but not NMDA (B). Numbers represent the
concentration of each drug in �M. C, Concentration-response curves for
glycine generated in the absence and presence of 15 �M 6,7-diCl-HQC
(n = 3). The NMDA concentration was 100 �M. 6,7-diCI-HQC caused a
45-fold parallel shift to the right of the glycine dose-response curve. The
glycine ECse was 0.35 (95% confidence interval, 0.23-0.55) �M in the
absence of 6,7�.diCI-HQC and 15.8 (10.2-24.5) �M in its presence. The
Hill coefficients were 1 .03 ± 0.03 and 1 .1 5 ± 0.1 3. D, Concentration-
response curves for NMDA in the absence and presence of 15 �M 6,7-
diCl-HQC(n = 3). Glycsne(1 0 �zM)was present during NMDA applications.
The antagonist decreased the maximum response of the NMDA dose-
response curve by 65%. The ECss was 19.1 (14.7-25.0) �M without
antagonist and 20.4 (14.8-28.1) �M in the presence of antagonist. For
both C and D, the points are the mean ± standard error of current (as a
fraction of the maximum current in the absence of antagonist) for three
cells. The curves represent the least squares fit of the data to the logistic
equation, as described in Materials and Methods.

compounds were approximately equipotent as antagonists of
the glycine site. The K8 calculated from the Schild regression
for 6,7-diCl-HQC was 0.30 .tM and for 7-Cl-kyn was 0.35 �M

(Figs. 3C and 6B). The slopes of the Schild regressions for 6,7-

diCl-HQC and 7-Cl-kyn were 1.02 and 1.01, consistent with

competitive antagonism against the glycine site (24).
The Schild analysis of these antagonists at the kainate site

indicated that 6,7-diCl-HQC was 10-fold less potent for the
kainate site than for the glycine site and 7-Cl-kyn was 40-fold
less potent for the kainate site. The KB values were 3.0 and 14

�M, respectively (Figs. 4B and SB). A similar potency (KB =

4.0 �M) has been reported elsewhere for 6,7-diCl-HQC antago-
nism of kainate-induced 22Na efflux in preloaded brain slices
from rat striatum (20). The slope of the Schild regression in
oocytes was 0.98 ± 0.03 for 6,7-diCl-HQC, consistant with

competitive antagonism. However, the Schild slope for 7-Cl-
kyn antagonism of kainate currents was significantly less than

1 (0.72 ± 0.11; p < 0.05), indicating that its antagonism of this

receptor is not entirely competitive.
To begin to assess the structural requirements of the quinox-

ames for selective antagonism of the glycine site, the potency

and selectivity of 6,7-diCl-HQC for antagonism of the glycine
and kainate sites were compared with those of the nonchlori-
nated derivative HQC. Because 15 jzM HQC was virtually
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Fig. 3. 7-CI-kyn antagonizes the NMDA/glycmne-elicited current by an
interaction with the glycine binding site. A, An mRNA-injected oocyte
was perfused with MBS until, at the time ind�ated by the horizontal
bars, the solution was changed to include NMDA and glycine in the
absence or presence of 15 MM 7-0-kyn. 7-CI-kyn was perfused onto the
oocyteforatleast5minbeforeapplicationofNMDAandglycineinthe
right three traces. Concentrations were in �M. 7-CI-kyn antagonism of
the NMDA receptor was overcome by increasing the concentration of
glycine but not NMDA. B, Three-point dose-response curves for glycine
were constructed in the absence and presence of the three concentra-
tins of 7-CI-kyn indicated above each curve. Solid lines are regression
lines from wh�h the EC� values were calculated. The ECsevalues for 0,
0.3, 4, and 15 �iM antagonist were 0.45, 1 .1 , 5.3, and 23.1 �M, respec-
tively. The points represent the mean ± standard error of current re-
sponses for three cells (except for 0.3 �M, which represents two cells).
C, The Schild plot for 7-CI-kyn antagonism of glycine was derived from
the dose ratios calculated from the ECse values from B. The r�42 was
6.45, corresponding to a K5 of 0.35 �M, and the slope was 1.01. For
both B and C, the error bars are smaller than the symbol size when not
shown. DPi, dose ratio.

ineffective at inhibiting currents elicited by 300 �M NMDA
plus 3 �iM glycine, or 300 �M kainate, dose-response curves for
glycine and kainate were constructed in the absence and pres-
ence of 100 �M HQC. HQC caused a nearly parallel shift to the

right of the glycine dose-response curve by only 7.4 ± 0.7-fold

(n = 3) (Fig. 7A). These data predict a K1 for HQC antagonism
of 15.6 ,zM, which is 45-fold less potent than the KB of its

chlorinated analog. HQC is even less effective at blocking the
currents elicited by kainate in oocytes. HQC (100 tiM) caused
a parallel shift of the kainate dose-response curve to the right
by only 2.5 ± 0.2-fold (Fig. 7B). The predicted K for HQC

antagonism of kainate sites was 67 �&M, which is 22-fold higher
than the KB of 3.0 �M for 6,7-diCl-HQC against kainate. HQC
is, therefore, only 4-fold more effective against the glycine site

than against the kainate site. The addition of the two chioro-
groups to HQC increased the affinity of the antagonist for both
the glycine site of the NMDA receptor and the kainate site and
improved the selectivity of the antagonist for the glycine site.

Hippocampal slices. When 5 and 15 �M 7-Cl-kyn were

applied to hippocampal slices that were perfused with medium
containing no � the intensity of the NMDA receptor-
mediated component of evoked bursting in the CAl region was

reduced in a dose-dependent manner (Fig. 8, left). The coastline

burst index, which gives an objective measure of the intensity
of bursting (27), was reduced in six slices by an average of 50
and 75% by 5 and 15 �M 7-Cl-kyn, respectively (Fig. 8, right).

D-Serine (300 �sM) reversed the effects of 15 �M 7-Cl-kyn. In

-5 -4 -3

Log [6,7-diCl--HQC) (N)

Fig. 4. 6,7-DICI-HOC is a competitive antagonist of the receptor activated
by kainate in oocytes. A, Dose-response curves for kainate were gen-
erated in the absence and presence of 15 ,�M 6,7-diCI-HOC. The dose-
response curve was shifted 10.8-fold to the right in a parallel manner by
6,7-diCI-HOC. Points represent the mean ± current for five cells. Curves
are the least squares fit of the data to the logistic equation. The kainate
ECse was 104 (94-i 15) �iM in the absence of antagonist and 1110(980-.
1270) �M in its presence. The Hill coefficients were 1 .42 ± 0.01 in the
absence and 1 .1 1 ± 0.05 in the presence of antagonist. B, Schild analysis
was performed by constructing three-point dose-response curves in the
absence of 6,7-dICI-HOC and in the presence of 8, 60, and 1 50 �M 6,7-
diCI-HOC (n = 4). The dose ratios (DA) were calculated from the ECse
of e&:h curve and were plotted as the Iog(DR-1) agak�st kg[antagor�st].
The slope of the regression line (0.98 ± 0.03) is consistent with compet-
itive antagonism. The p.42 of 6,7-diCi-HOC for the kainate site was 5.52
± 0.06, corresponding to a K8 of 3.0 �M, indicating that the antagonist
is 10-fold more potent for the glycine site than for the kainate site. The
points represent the mean ± standard error for four cells. Standard errors
were smaller than the symbol size in all cases.

contrast to the reduction of burst intensity, 7-Cl-kyn had no
effect on the amplitude of the first population spike, which is
probably mediated by synaptic activation of quisqualate recep-

tors (29, 30). These data indicate that low micromolar concen-
trations of 7-Cl-kyn are selective for the glycine site on NMDA
receptors in hippocampal slices as well as in oocytes. 6,7-DiC1-
HQC (15 zM) had similar effects on evoked bursting in zero-
Mg�� medium but also caused a small reduction in the initial
population spike amplitude.1

Discussion

Highly selective competitive antagonists are required to in-
vestigate the physiological role of the glycine modulatory site

in NMDA receptor-mediated synaptic transmission. The prim-

ciple fmdings of this study are that chioro-substituted quinox-
alines and kynurenines are moderately selective glycine site

antagonists, in that all compounds tested have, in addition,

significant activity at the receptor that mediates kainate cur-
rents. The most selective compound, 7-Cl-kyn, was only 40-
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fold more potent at the glycine site than at the kainate-

activated receptor in Xenopus oocytes, making it moderately
useful in physiological studies. Kemp et aL (14) found that 7-

Cl-kyn displaced [3Hjglycine binding with an IC� (0.56 hiM)

similar to our KB for antagonism of NMDA/glycine currents
(0.35 tiM). However, their IC� for 7-Cl-kyn displacement of
[3H]AMPA binding was 153 �M, contributing to an apparent
300-fold selectivity of 7-Cl-kyn for the glycine site. In our

physiological experiments, the KB of 7-Cl-kyn antagonism of
kainate currents was 14 aiM. The site that kainate activates in
oocytes appears to correspond to an AMPA binding site in the

brain (22), and the discrepancy between the binding and phys-
iological data for 7-Ci-kyn antagonism of the quisqualate/
kainate receptor may be due to antagonism of a high affinity
AMPA binding site in the binding assays but a low affinity site
in oocytes (31, 32). Halogenated indole-2-carboxylic acids also

appear to antagonize NMDA/glycine-mediated currents at the
glycine site, with approximately 40-fold selectivity for this site

compared with the kainate/quisqualate receptor (33). However,

these compounds are 40- to 50-fold less potent than 7-Cl-kyn
and 6,7-diCl-HQC at the glycine site.

Another observation from this study is that a rapidiy desen-

sitizing component of NMDA/glycine-induced currents was

more sensitive than the plateau current to inhibition by com-
petitive glycine antagonists (e.g., Figs. 2B, and 3A). This initial
peak was observed at high glycine concentrations (3 to 30 zM)

but not at lower concentrations. It may, therefore, represent
agonist-induced desensitization. Mayer et al. (4) found that, in
voltage-clamped hippocampal neurons, the initial peak current
was present at low glycine concentrations and increased with

higher concentrations. The time constant of desensitization of

the initial peak in their experiments (250 msec) was much

faster than the decay time constant observed in our system (2-
4 sec) and is, therefore, likely to represent a different compo-

nent of the NMDA/glycine current that is unresolved in our
slow perfusion system. The effect of high glycine concentration
on NMDA receptor thus appears to be complex, in that acti-
vation is promoted, fast desensitization is reduced, and slow

desensitization is increased.

Structural features for glycine antagonism. It is inter-
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1.u
A.
7-CI-Kyn 0 15 50 150

0.5

I I I

-4.0 -3.5 -3.0 -2.5

Log [Kainate] (M)

Fig. 5. 7-CI-kyn antagonizes kainate-induced currents. A, Three-point
dose-response curves were constructed for kainate in the absence of 7-
CI-kyn and in the presence of 15, 50, and 150 �M 7-CI-kyn. The ECse
values calculated from the regression lines were 104, 217, 347, and 695
�M, respectively. The points represent the mean ± standard error of
current from three cells. B, Schild plot of antagonist potency. The pA2
was 4.85 ± 0.12, corresponding to a KB of 14.1 �LM, and the slope of the
regression line was 0.72 ± 0.1 1 . Points represent the mean ± standard
error for three cells. Error bars are smaller than the symbol size when
not shown. DR, dose ratio?

1.5

ci:: 1.0
0

a’

Log [6,7-diCI-HQC] (N)

Fig. 6. Schild analysis indicating competitive antagonism of the glycine
site on the NMDA receptor by 6,7-diCI-HQC. A, Three-point dose-
response curves for glycine were generated in the absence of 6,7-diCl-
HOC and in the presence of 1 , 3, and 10 �LM 6,7-diCl-HQC. The NMDA
concentration was 100 �LM throughout. The points represent the mean
± standard error of current as a fraction of the maximal current in the
absence of antagonist for four cells. The ECss values calculated from the
regression lines were 0.47, 2.0, 5.2, and 16.4 � respectively. B, Schild
plot for 6,7-diCI-HQC antagonism of glycine. The linear relationship
between the points (r = 0.99), with the slope equal to 1 .02 ± 0.06 (n =

3), suggests that the antagonism is competitive. The pA2 of 6.52 ± 0.1
represents a K8 of 300 nii. Points represent the mean ± standard error
for four cells. Error bars are smaller than the symbol size when not
shown. DR, dose ratio.
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Fig. 7. HQC is a weak antagonist of glycine- and kainate-induced
currents. A, Dose-response curves for glycmne in the absence and pres-
ence of 100 �M HQC. HOC shifted the glycmne dose-response curve to
the right by 7.5-fold. The EC� for glycmne was 0.44 (0.35-0.56) �M in the
absence and 3.25 (2.8-3.7) �M in the presence of 1 00 �M HOC, corre-
spending to an estimated K, of 15.6 �M. The Hill coefficients were 0.9 ±
0.01 and 1 .03 ± 0.03, respectively. B, Dose-response curves for kainate
in the absence and presence of 1 00 zM HOC. HOC shifted the kainate
dose-response curve to the right by 2.5-fold. The EC� for kainate was
88.3 (61 .8-1 26)�M in the absence and 21 9 (172-278) �M in the presence
of 100 zM HOC. The estimated K, for antagonism of kainate is 67 �M.

The Hill coefficients were 1 .48 ± 0.1 and 1 .40 ± 0.04. In both A and B,
the points represent the mean ± standard error for three cells each. The
curves are the least squares fit of the data to the logistic equation. The
K, values for antagonism were calculated from the shift in the agonist
EC� produced by the antagonist, assuming competitive antagonism. A
competitive antagonist shifts the EC� by a factor of 1 + [antagonist]/K,.

esting that all glycine site antagonists studied here are also

antagonists of the quisqualate/kainate receptor. This suggests
that there may be some structural similarity between the gly-

cine site of NMDA receptors and the agonist binding site of

quisqualate/kainate receptors. Lerma et a!. (34) recently

showed that kainate itself exerted a weak block of NMDA

responses in oocytes; a prediction from the present study is

that kainate blocks the glycine site rather than the NMDA

binding site.
The addition of one or two chloro- groups to the basic

kynurenine or quinoxaline structure (Fig. 1) dramatically im-

proves the affinity of the compounds for the glycine site on the
NMDA receptor, while improving the affinity for the kainate

site to a lesser extent. The estimated KB from Schild analysis

for antagonism of the glycine site by 7-Cl-kyn was 0.35 �M

1 40 i�J first pop. spike
I_ Coastline index

120

_100�
0

C
0
0

C
a)
0

o� 40

7-CI-kyn 5
D-serine -

Fig. 8. 7-CI-kyn reduced the NMDA receptor-mediated component of
evoked bursts in hippocampal slices bathed in Mg2�-free medium. A,
Representative traces of evoked bursts of population spikes in the CAl
region of one slice bathed in Mg2�-free medium in the absence and
presence of 5 and 15 �zM 7-CI-kyn and 300 zM D-senne. Records are
averages of four trials and were taken 30-45 mm after changing solu-
tions. B, Intensity of intenctal bursts (coastline index) and the amplitude
of the first population spike measured as a percentage of the control
values in the absence of antagonist. Bars represent the mean ± standard
error of measurements from 3-6 slices. 7-CI-kyn at 5 and 1 5 �M reduced
the coastline index by 50 and 75% without changing the magnitude of
the first population spike. D-Serine (300 �M) reversed the antagonism of
1 5 �M 7-CI-kyn, while having no effect on its own.

- 2 (Fig. 3C), whereas high concentrations of kynurenate (100 MM)

are required for substantial blockage of NMDA responses (16)
(see also Fig. 1). In the quinoxaline series, a similar improve-

ment in affinity for the glycine site occurs by adding two chloro-

groups to HQC, from an estimated K, of 15.6 MM for HQC to a
KB of 0.3 MM for 6,7-diCl-HQC. Halogenation of indole-2-

carboxylic acid also improves the affinity for antagonism of the
glycine site in primary cultures of rat visual cortex (33).

In addition, the selectivity of the antagonists for the glycine
site improves with the addition of chloro- group(s). Kynurenate

has poor selectivity for NMDA receptors over quisqualate/

kainate receptors (Fig. 1) (14). 7-Cl-kyn, on the other hand,

was 40-fold more potent at antagonizing the glycine site of

NMDA receptors than the kainate site in oocytes. Likewise,

HQC was only approximately 4-fold more potent against the
glycine site, compared with kainate sites, whereas 6,7-diCl-

HQC was 10-fold more potent at the glycine site. The addition

of a second chloro- group to 6-Cl-QX also improved the selec-

tivity of the antagonist for the glycine site (Fig. 1).

The improvement in affinity and selectivity for the glycine

site by halogenation could be due to a number of factors. The

substitution of the 6- and 7-positions with electronegative

groups clearly improves affinity of the compounds, but for both

glycine and kainate sites. Nitro- substitutions (CNQX and

DNQX) confer selectivity at kainate receptors (Fig. 1) (17, 19),
whereas chloro- groups confer selectivity at the glycine site.

Substitution of the 6- and 7-positions with other electronega-

tive groups, such as bromo- or fluoro- groups, might provide

antagonists with an increased specificity for the glycine or

kainate sites. 7-Cl-kyn has a dipole moment on the “lower”

portion of the compound, which might contribute to its selec-
tivity for the glycine site. However, 6-Cl-QX, which has a

similar dipole, shows little selectivity (Fig. 1). A simple consid-
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eration of charge distribution alone seems insufficient to ex-
plain the selectivity of these compounds.

Role of the glycine site in NMDA receptor-mediated
epileptiform bursting. Glycine appears to be required for
activation of NMDA receptors in Xenopus oocytes (2) and

cultured hippocampal neurons (33) and in intact tissues the
block of NMDA responses by kynurenic acid, 7-Cl-kyn, CNQX,

DNQX, and HA-966 can be overcome by glycine (14, 16, 18,
35-37). These results demonstrate that the glycine site is

operative in intact tissues, but a physiological role for glycine

in synaptic transmission mediated by NMDA receptors is
nearly unexplored. However, Larson and Beitz (38) recently
demonstrated that intrathecal injection of glycine, acting at the
NMDA receptor, can potentiate strychnine-induced seizures in
vivo in adult rats. Here we present evidence that the glycine
site on the NMDA receptor participates in epileptiform burst-

ing mediated by synaptic activation of NMDA receptors in
adult hippocampal slices. 7-Cl-kyn blocked the NMDA recep-
tor-mediated component of bursts in a dose-dependent manner,
without inhibiting the quisqualate receptor-mediated initial
population spike (Fig. 8). The glycine site agonist, D-serine, at
a concentration designed to give a near-maximal response in
the presence of 15 MM 7-Cl-kyn in oocytes, overcame the block
by 7-Cl-kyn in hippocampal slices. These results suggest that
the glycine coagonist site of NMDA receptors plays an impor-
tant role in epileptiform activity in adult differentiated neu-

rons. Presumably the ambient glycine concentration is high
enough to at least partially load its binding site.
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