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NAMBA, T., K. MORIMOTO, N. YAMADA AND S. OTSUKI. Antiepileptogenic action of 7-chlorokynurenic acid on
amygdala kindling of rats. PHARMACOL BIOCHEM BEHAV 46(2) 275-281, 1993.—To investigate the role of strych-
nine-insensitive glycine receptors in epilepsy, we studied the effects of 7-chlorokynurenic acid (7-CK), a selective strychnine-
insensitive glycine receptor antagonist, on amygdala kindling development and previously amygdala-kindled seizures in rats.
ICV administration of 7-CK (10 or 20 ug) suppressed amygdala kindling development, assessed according to the motor
seizure stage and afterdischarge development, in a dose-dependent manner. However, 7-CK had no significant effect on
previously kindled seizures at either of these doses nor did 20 ug at any time (15 min, 30 min, 2 h, and 24 h) after injection
studied. These results demonstrate that this selective strychnine-insensitive glycine receptor antagonist has antiepileptogenic
activity and suggest a role for the glycine receptors in the contribution of the NMDA receptor complex to epileptogenic

events.
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GLYCINE, a simple amino acid, is recognized generally to
be an important inhibitory neurotransmitter in the CNS, the
activity of which is mediated by strychnine-sensitive glycine
receptors (5), which are localized predominantly in the spinal
cord and brainstem. Recently, strychnine-insensitive glycine
binding sites were detected by receptor autoradiography using
(*H]glycine as a ligand in higher centers of the rat brain (2),
which suggests that there are two types of glycine receptors,
namely, strychnine-sensitive and strychnine-insensitive. High
densities of the latter have been detected in the cerebral cortex
and limbic systems and their distribution is clearly distinct
from and more widespread than that of the strychnine-
sensitive glycine receptors (2).

Although the role of strychnine-insensitive glycine recep-
tors was unclear at the time of their discovery, Johnson and
Ascher (13) demonstrated that glycine potentiated the re-
sponses mediated by NMDA receptors, which comprise a glu-
tamate receptor subtype, and that this potentiation was not
inhibited by strychnine in mouse cultured neurons. They were
the first to suggest that glycine enhances excitatory transmis-
sion via allosteric activation of NMDA receptors (13). Subse-
quently, potentiation of the responses to NMDA by glycine
has been confirmed by means of electrophysiological and bio-
chemical approaches, including experiments in animals in vivo

! To whom requests for reprints should be addressed.

275

(6,22,31), in tissue slices (8,14,29), and on homogenized mem-
branes (1,21,25).

A lot of recent evidence indicated that NMDA receptors
are involved critically in several forms of neuronal plasticity,
including kindling (9,11,17,26). Kindling is a progressive and
permanent change of brain function that occurs after repeti-
tive focal electrical stimulation (10). We have shown that com-
petitive and noncompetitive NMDA receptor antagonists are
powerful retardants of kindling development, which suggests
that repeated activation of the NMDA receptor complex is
essential for the development of kindled epileptogenesis
(18,23). 7-Chlorokynurenic acid (7-CK) is a potent and selec-
tive antagonist at strychnine-insensitive glycine receptors (14)
and has a potent anticonvulsant effect against audiogenic sei-
zures in mice (24). The aim of this study was to investigate the
role of strychnine-insensitive glycine receptors in the kindling
model of epilepsy and determine the potential clinical useful-
ness of 7-CK by examining its effects on amygdala (AM) kin-
dling development and on previously AM-kindled seizures in
rats.

It has been reported that intraamygdaloid injection of 7-
CK suppressed amygdala kindling development and elevated
generalized seizure-triggering thresholds of previously amyg-
dala-kindled seizures in rats (3,4). However, in these studies
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direct injection of drugs into kindling stimulation sites might
produce nonspecific effects (e.g., tissue damage). Therefore,
in this study we employed the method of ICV drug administra-
tion.

METHODS

General Procedure

Twenty-nine Sprague-Dawley rats, weighing 260-330 g at
the time of surgery, were used. They were housed under a 12
L : 12 D cycle and allowed free access to food and water except
during the experimental sessions. They were anesthetized with
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sodium pentobarbital (50 mg/kg administered IP), a tripolar
electrode was implanted stereotaxically into the left AM (2.5
mm posterior and 4.8 mm lateral to the bregma and 8.0 mm
below the dura), and a guide cannula (stainless steel, 21 ga, 14
mm long) was implanted in the left lateral ventricle (0.8 mm
posterior and 1.5 mm lateral to the bregma and 2.0 mm below
the dura) for ICV drug microinjection. The stereotaxic coordi-
nates were determined with the incisor bar 3.0 mm below the
interaural plane. Each tripolar electrode consisted of three
twisted Diamel-insulated Nichrome wires (0.18 mm diameter)
and a screw electrode was placed in the right frontal skull to
serve as a recording indifferent.
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FIG. 1. Effects of 7-chlorokynurenic acid (7-CK) on amygdala kindling development.
From days 2 to 11, 7-CK (10 or 20 ug) or vehicle [artificial cerebrospinal fluid (aCSF)] was
administered ICV 30 min before daily kindling electrical stimulation. On day 12, the drug
pretreatment was discontinued and only daily kindling stimulation was continued. ICV
administration of 20 ug 7-CK significantly suppressed the development of the motor seizure
response in comparison with the control up to day 11 (two-way ANOVA: F = 16.520,
p < 0.005). Both of the two groups of 7-CK-treated rats showed significant suppression
in the development of AD duration compared with the control group during the drug
session (7-CK 10 ug, F = 13.924, p < 0.005; 7-CK 20 ug, F = 16.195, p < 0.005).
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FIG. 2. Electroencephalogram (EEG) examples of control and 7-chlorokynurenic acid (7-CK) (20 ug)-treated rats on days 1 and 11 of
amygdala (AM) kindling. EEG was recorded from the kindled amygdala, and the arrow indicates the start of electrical stimulation. The
development of AD duration is substantially retarded in the rat pretreated with 7-CK in comparison with the control.

After a recovery period of 1-2 weeks, all rats were sub-
jected to kindling stimulation, which consisted of a 1-s train
of 60-Hz sine-wave pulses at an intensity of 200 uA once daily.
The development of AM-kindled seizures was assessed using
Racine’s classification (20) as follows: stage 0, no response;
stage 1, mouth and facial movements; stage 2, head nodding;
stage 3, forelimb clonus; stage 4, rearing and bilateral fore-
limb clonus; stage 5, rearing and falling.

7-Chlorokynurenic acid was dissolved in artificial cerebro-
spinal fluid (aCSF; NaCl 124 mM, KCl 3 mM, NaH,PO, 1.25
mM, MgSO, 2 mM, CaCl, 1 mM, NaHCO, 26 mM, glucose
10 mM), the pH of which was adjusted to 7.4-7.5 with acid
or base. Four microliters of the required 7-CK solution or
aCSF was injected through a 27-ga cannula, the tip of which
was inserted so that it protruded 2.0 mm beyond the tip of the
guide cannula, into the lateral ventricle with a 5-ul Hamilton

TABLE 1
PARAMETERS OF KINDLING IN CONTROL AND 7-CK-TREATED RATS
1st Stimulation 11th Stimulation
AD Duration AD Duration

Stage (seconds) Stage (seconds) GST (uA)
Control (n = 8) 0.4 17.5 £ 2.7 4.8 78.3 + 15.6 128.1 + 12.1

0-1) 4-5)
7-CK10ug(n =7) 0.6 12,6 + 3.4 4.6 63.1 + 15.0 125.0 = 11.3

©-1) (2-5)
7-CK20ug(n = 7) 0.3 16.4 + 4.4 3.1+ 39.0 + 8.2 120.8 + 17.1

0-1) (2-5)

Values are expressed as mean- + SEM except for the seizure stage (range). In the group pretreated
with 20 ug 7-CK, the mean seizure stage was significantly lower than that of the control on day 11.
*p < 0.05, Mann-Whitney U-test, compared with control.
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TABLE 2

MEAN NUMBER OF STIMULATIONS REQUIRED FOR DEVELOPMENT OF
THE FIRST STAGE-2 AND STAGE-4 OR -5 KINDLED SEIZURE AND
AD DURATION IN CONTROL AND 7-CK-TREATED RATS

First Stage 2 First Stage 4 or 5
No. of AD Duration No. of AD Duration
Stimulations (seconds) Stimulations (seconds)
Control (n = 8) 4.4 346 + 6.9 7.8 65.0 + 16.8
(3-6) (5-10)
T-CK10ug(n =7) 4.7 256 £ 4.2 8.3 67.7 + 20.4
@7 (5-21)
7-CK20ug(n =7 5.7 20.1 + 2.1 10.9* 50.2 + 12.1
-7 (8-14)

Values are expressed as mean + SEM except for the number of stimulations (range).
*p < 0.05, Mann-Whitney U-test, compared with control.

syringe (Hamilton Co., Reno, NV). Immediately after injec-
tion, the cannula was removed and a 27-ga wire inserted into
the guide cannula to prevent efflux of the injected solution.

Experiment 1: Effects of 7-CK on the Development of
Kindled Seizures

Twenty-two rats with AM-implanted tripolar electrodes
were used. After the 1-to 2-week postsurgical recovery period,
they were subjected to kindling stimulation as described
above, without drug treatment (day 1). Then, they were di-
vided into three groups, which were matched according to the
seizure stage and afterdischarge (AD) duration, and received
ICV microinjection of 7-CK 10 ug/4 ul (n = 7), 7-CK 20 ug/
4 ul (n = 7), or aCSF 4 ul (n = 8) every day followed, 30
min later, by electrical kindling stimulation from days 2 to 11
inclusive. On day 12, drug administration was stopped and
daily kindling stimulation only was continued until animals
experienced at least five consecutive generalized convulsions
(stage-5 seizures). Then, the generalized seizure-triggering
threshold (GST) was determined in each rat by repeated stimu-
lation with a 1-s, 60-Hz sine-wave pulse, the intensity of which
was increased by 25 pA every 20 min.

Experiment 2: Anticonvulsant Effects of 7-CK on Previously
Kindled Seizures :

Seven previously AM-kindled rats were used, in all of
which stable stage-5 seizures were induced by stimulation at

the predetermined, as described above, GST intensity. To de-
termine whether the effects of 7-CK were dose dependent,
rats were subjected to electrical stimulation of the AM at the
predetermined GST intensity 30 min after ICV microinjection
of 7-CK (10 or 20 ug/4 pl) or 4 ul aCSF. Each rat received
microinjections of 10 and 20 ug/4 pul 7-CK and 4 ul aCSF in
this sequence at intervals of 1 week for washout. To ascertain
whether the effects were time dependent, rats were subjected
to electrical stimulation 24 h before and 15 min, 30 min, 2 h,
and 24 h after ICV microinjection of 7-CK (20 ug/4 pl). The
anticonvulsant effects of 7-CK were assessed according to the
following parameters: a) kindled-seizure stage; b) AD dura-
tion; and c) latency and duration of bilateral forelimb clonus.

Histology

Upon completion of the experiments, each guide cannula
and electrode was examined histologically. Rats were anesthe-
tized deeply with sodium pentobarbital and their brains per-
fused with 0.9% saline followed by 10% formalin. Then,
brains were removed, stored in 10% formalin solution for
several days, and sectioned coronally into slices, which were
stained with hematoxylin & eosin and examined under a light
microscope.

Statistics

All data obtained were expressed as means & SEM. The
AD duration, latency, and duration of bilateral forelimb clo-

TABLE 3

DOSE-DEPENDENT ANTICONVULSANT EFFECTS OF 7-CK ON
PREVIOUSLY KINDLED SEIZURES FROM THE AMYGDALA

Stage AD Duration GST
(range) (seconds) (nA)

Control (n = 7) 5.0 68.9 + 7.2 1214 + 94
(5-5)

7-CK10ug(n = 7) 5.0 65.3 + 10.6 1214 + 94
(5-5)

7-CK20pug(n = 7) 5.0 739 + 9.6 1214 + 94
(5-5)

Values are expressed as mean + SEM except for the seizure stage (range).
ICV administration of 10 or 20 ug 7-CK 30 min prior to electrical stimulation
had no significant effects on any parameters of previously kindled seizures.
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nus of each group were compared using the two-tailed Stu-
dent’s t-test and the seizure stage was compared using the
Mann-Whitney U-test. The AD durations and seizure-stage
scores during kindling development also were analyzed using
two-way analysis of variance (ANOVA). Differences at p <
0.05 were considered significant.

RESULTS

Behavioral Changes and Resting Electroencephalogram

ICV injection of 7-CK induced behavioral changes, includ-
ing hypoactive locomotion, ataxia, muscular hypotonia, and
ipsiversive turning, which reached their peak intensities 10-30
min after injection and disappeared 45-60 min thereafter. The
severity of 7-CK-induced behavioral changes increased in a
dose-dependent manner. Administration of 7-CK induced no
obvious changes in the resting electroencephalograms (EEGs).

Experiment 1

The evolution of AM-kindled seizures is shown in Fig. 1.
Pretreatment with 7-CK retarded the development of kindling.
During the initial 11-day treatment period, treatment with 20
ug 7-CK suppressed seizure development significantly com-
pared with the control group (two-way ANOVA: F = 16.520,
D < 0.005) and the development of AD durations was
suppressed significantly in both groups of 7-CK-treated rats
compared with the control group (two-way ANOVA: 7-CK
10pug, F = 13.924, p < 0.005; 7-CK 20 ug, F = 16.195,p <
0.005). Representative examples of ADs that occurred during
kindling in control and 7-CK-treated rats are shown in Fig. 2.
Despite treatment with 7-CK, clear ADs were induced in all
rats, but their mean duration was reduced markedly compared
with that of the controls. Table 1 shows the amygdala kindling
parameters in control and 7-CK-treated rats. The mean seizure
stage of the 20-ug 7-CK group was significantly lower than
that of the control group on day 11 (the last day of drug
administration; 3.1 vs. 4.8, p < 0.05). Table 2 shows the
mean numbers of stimulations required to induce the first
stage-2 and first stage-4 or -5 (generalized) seizures and the
mean AD durations that occurred with each seizure. In the
20-ug 7-CK group, the number of stimulations required to
induce the first stage-4 or -5 seizure increased significantly
compared with controls. On day 11, all control rats experi-
enced stage-4 or -5 seizures,whereas only one of the seven
pretreated with 20 ug 7-CK did so. After cessation of drug
treatment, all 7-CK-pretreated rats developed generalized sei-
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zures eventually. There were no significant differences be-
tween the GSTs of the three groups (Table 2).

Experiment 2

Treatment with 10 and 20 g 7-CK had no significant ef-
fects on any of the parameters studied in rats with previously
kindled seizures compared with controls (Table 3). There was
no differences of GSTs between three groups. Neither were
any significant effects observed when rats were subjected to
electrical stimulation 15 min, 30 min, 2 h, and 24 h after
ICV administration of 20 ug 7-CK (Table 4). Therefore, it is
unlikely that the timing of administration relative to stimula-
tion affected the anticonvulsant effect of 7-CK.

DISCUSSION

This study demonstrated clearly that 7-chlorokynurenic
acid, a selective strychnine-insensitive glycine receptor antago-
nist (14), suppressed the development of amygdala kindling.
These results are consistent with those of our previous studies
with competitive and noncompetitive NMDA receptor antago-
nists, such as 3-((+)-2-carboxypiperazin-4-yl)-1-phosphonoic
acid (CPP) and MK-801 in kindling (18,23). Blockade of
NMDA receptors by competitive and noncompetitive antago-
nists retards the development of kindling via their actions on
either the NMDA receptors directly or on NMDA receptor-as-
sociated ion channels. Glycine acts as a positive modulator of
NMDA receptors, increasing the frequency of channel open-
ing in the presence of NMDA (13). Therefore, blockade of
strychnine-insensitive glycine receptors by 7-CK would be ex-
pected to inhibit NMDA receptor-mediated neural events,
such as kindling or long-term potentiation (LTP). In fact,
7-CK has been demonstrated to block the induction of LTP
in the CAl of rat hippocampal slices by attenuating NMDA
receptor activation (12). A similar blocking effect of 7-CK on
kindling development would be expected, as LTP-like synaptic
potentiation may be involved in the initial stages of kindling
(16,27,28).

Our results suggest that strychnine-insensitive glycine re-
ceptors play an important role in the mechanism of kindling
development. However, the antiepileptogenic effect of 7-CK
does not appear to be as potent as that of the competitive and
noncompetitive NMDA receptor antagonists, such as CPP,
CGS19755, and MK-801. A possible explanation for this is
that the doses of 7-CK used in this study may not have been
adequate to block the strychnine-insensitive glycine recep-
tors completely, as cerebrospinal fluid contains considerable

TABLE 4

TIME-DEPENDENT ANTICONVULSANT EFFECTS OF 7-CK ON
PREVIOUSLY KINDLED SEIZURES FROM THE AMYGDALA

24 h Before 15 min After 30 min After 2 h After 24 h After
Seizure stage 5.0 5.0 5.0 5.0 5.0
AD duration 62.1 + 3.4 612 + 3.4 74.0 + 9.6 65.4 + 4.0 63.2 + 49
(seconds)
Latency of BFC 4.7 + 0.3 35 £ 08 6.4 + 1.0 6.4 + 0.8 6.7 £ 1.1
(seconds)
Duration of BFC 34.6 + 2.7 374 + 4.4 386 + 94 374 + 3.1 36.2 + 2.3
(seconds)

Values are expressed as mean + SEM. BFC, bilateral forelimb clonus.
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amounts of glycine (7). Alternatively, some degree of NMDA
receptor activation may have occurred despite complete block-
ade of the strychnine-insensitive glycine receptors, as blockade
of the allosteric modulatory sites may not be as effective as
blockade of the NMDA receptor site itself or of the NMDA
receptor-associated ion channel.

In Experiment 1, 7-CK inhibited the development of AD
duration and the development of motor responses markedly
until the seizures reached stage 2. We demonstrated that 7-CK
suppressed the development of amygdala kindling, which sug-
gests that strychnine-insensitive glycine receptors play an im-
portant role in the propagation of kindling-induced epilepto-
genesis. However, antiepileptogenic action of 7-CK does not
seem so potent because one of seven 7-CK (20 ug)-treated
rats showed generalized seizures during the drug session. It is
probable that kindling would be completed eventually, even if
the drug session was continued.

In Experiment 2, 7-CK demonstrated little anticonvulsant
activity against established kindled seizures, whereas a recent
study showed that intraamygdala administration of 7-CK
raised the GSTs in a dose-dependent manner, which indicates
that 7-CK possesses anticonvulsant activity (4). The discrep-
ancy between these results may be attributable to the different
methods of drug administration used. Direct application of
7-CK into the amygdala, the kindling stimulation site, would
be expected to suppress the initial seizure-triggering process
markedly, resulting in threshold elevation.

Our study demonstrated that 7-CK had no effect on pre-
viously kindled seizures at either dose used or at any time

NAMBA ET AL.

after administration of 20 ug investigated. Competitive and
noncompetitive NMDA receptor antagonists are potent anti-
epileptogenic agents, whereas their anticonvulsant action is
relatively weak (18). The results of our study indicate that
7-CK has similar characteristics. It has been suggested that
abnormally high concentrations of glycine are present in epi-
leptogenic focal tissues (15,19,30). Therefore, the glycine lev-
els may be extremely high in the activated brain areas of fully
kindled rats, and 7-CK, in the doses used, may not have been
able to suppress the effects of such high levels of glycine.

In conclusion, the results of this study show that ICV ad-
ministration of 7-CK suppressed the development of amygdala
kindling. This suggests that selective strychnine-insensitive
glycine receptor antagonists may be effective antiepileptogenic
drugs, the preventive administration of which would be ex-
pected to protect the brain from the development of epilepto-
genesis resulting from ischemic damage or head injury. How-
ever, 7-CK did not demonstrate potent anticonvulsant activity
against kindled seizures, although such an effect has been
demonstrated in the audiogenic-seizure model of epilepsy in
mice (24). Further studies in various seizure models are needed
to determine the potential clinical usefulness of 7-CK as an
anticonvulsant.

ACKNOWLEDGEMENTS

The authors thank Dr. K. Katayama for technical advice. They
are grateful to Prof. R. J. Racine of McMaster University for his
critical comment on the manuscript.

REFERENCES

1. Bonhaus, D. W.; Burge, B. C.; McNamara, J. Q. Biochemical
evidence that glycine regulates an NMDA receptor-coupled ion
channel. Eur. J. Pharmacol. 142:489-490; 1987.

2. Bristow, D. R.; Bowery, N. G.; Woodruff, G. N. Light mi-
croscopic autoradiographic localization of [’H]glycine and [*H}-
strychnine binding sites in rat brain. Eur. J. Pharmacol. 126:303-
307; 1986.

3. Croucher, M. J.; Bradford, H. F. 7-Chlorokynurenic acid, a
strychnine-insensitive glycine receptor antagonist, inhibits limbic
seizure kindling. Neurosci. Lett. 118:29-32; 1990,

4, Croucher, M. J.; Bradford, H. F. The influence of strychnine-
insensitive glycine receptor agonists and antagonists on general-
ized seizure thresholds. Brain Res. 543:91-96; 1991.

5. Daly, E. C.; Aprison, M. H. Glycine. Handbook of neurochemis-
try. vol.3. Metabolism in the nervous system. New York: Plenum;
1983:467-499.

6. Danystz, W.; Wroblewski, J. T.; Booker, G.; Costa, E. Modula-
tion of glutamate receptors by phenycyclidine and glycine in the
rat cerebellum: cGMP increase in vivo. Brain Res. 479:270-276;
1989.

7. Ferraro, T. N.; Hare, T. A. Free and conjugated amino acids in
human CSF: Influence of age and sex. Brain Res. 338:53-60;
1985.

8. Fletcher, E. J.; Lodge, D. Glycine reverses antagonism of N-
methyl-D-aspartate (NMDA) by 1-hydroxy-3-aminopyrrolidone
(HA-966) but not by D-2-amino-5-phosphonovalerate (D-APS5)
on rat cortical slices. Eur. J. Pharmacol. 151:161-162; 1988,

9. Gilbert, M. E. The NMDA-receptor antagonist, MK-801, sup-
presses limbic kindling and kindled seizures. Brain Res. 463:90-
99; 1988.

10. Goddard, G. V.; McIntyre, D. C.; Leech, C. K. A permanent
change in brain function resulting from daily electrical stimula-
tion. Exp. Neurol. 25:295-330; 1969.

11. Holmes, K. H.; Bilky, D. K.; Goddard, G. V. The N-methyl-D-
aspartate antagonists aminophosphonovalerate and carboxypip-

erazine phosphonate retard the development and expression of
kindled seizures. Brain Res. 506:227-235; 1989.

12. Izumi, Y.; Clifford, D. B.; Zorumski, C. F. Glycine antagonists
block the induction of long-term potentiation in CAl of rat hip-
pocampal slices. Neurosci. Lett. 112:251-256; 1990.

13. Johnson, J. W.; Ascher, P. Glycine potentiates the NMDA re-
sponse in cultured mouse brain neurons. Nature 325:529-531;
1987.

14. Kemp, J. A.; Foster, A. C.; Leeson, P. D.; Priestley, T.; Trid-
gett, R.; Iversen, L. L.; Woodruff, G. N. 7-Chlorokynurenic acid
is a selective antagonist at the glycine modulatory site of the
N-methyl-D-aspartate receptor complex. Proc. Natl. Acad. Sci.
USA 85:6547-6550; 1988.

15. Koyama, 1. Amino acid in the cobalt-induced epileptogenic and
nonepileptogenic cat’s cortex. Can. J. Physiol. Pharmacol. 50:
740-752; 1972.

16. Maru, E.; Goddard, G. V. Alteration in dentate neuronal activi-
ties associated with perforant-path kindling: 1. Long-term potenti-
ation of excitatory synaptic transmission. Exp. Neurol. 96:19-32;
1987.

17. McNamara, J. O.; Russel, R. D.; Rigsbee, L.; Bonhaus, D. W.
Anticonvulsant and antiepileptogenic actions of MK-801 in kindling
and electroshock models. Neuropharmacology 27:563-568; 1988.

18. Morimoto, K.; Katayama, K.; Inoue, K.; Sato, K. Effects of com-
petitive and noncompetitive NMDA receptor antagonists on kin-
dling and LTP. Pharmacol. Biochem. Behav, 40:893-899; 1991.

19. Perry, T. L.; Hansen, S. Amino acid abnormalities in epilepto-
genic foci. Neurology 31:872-876; 1981.

20. Racine, R. J. Modification of seizure activity by electrical stimu-
lation: II. Motor seizure. Electroencephalogr. Clin. Neurophys-
iol. 32:281-294; 1972.

21. Reynolds, 1. J.; Murphy, S. N.; Miller, R. J. *H-Labelled MK-801
binding to the excitatory amino acid receptor complex from rat
brain is enhanced by glycine. Proc. Natl. Acad. Sci. USA 84:
7744-7748; 1987.



AMYGDALA KINDLING

22.

23,

25,

26.

Salt, T. E. Modulation of NMDA receptor-mediated responses
by glycine and p-serine in the rat thalamus in vivo. Brain Res.
481:403-406; 1989.

Sato, K.; Morimoto, K.; Okamoto, M. Anticonvulsant action of
a noncompetitive antagonist of NMDA receptors (MK-801) in the
kindling model of epilepsy. Brain Res. 463:12-20; 1988.

. Singh, L.; Oles, R. J.; Tricklebank, M. D. Modulation of seizure

susceptibility in the mouse by the strychnine-insensitive glycine
recognition site of the NMDA receptor/ion channel complex. Br.
J. Pharmacol. 99:285-288; 1990.

Snell, L. D.; Morter, R. S.; Jhonson, K. M. Glycine potentiates
N-methyl-p-aspartate induced [PH]TCP binding to rat cortical
membranes. Neurosci. Lett. 83:313-317; 1987.

Stasheff, S. F.; Anderson, W. W.; Clark, S.; Wilson, W. A.
NMDA antagonists differentiate epileptogenesis from seizure ex-
pression in an in vitro model. Science 245:648-651; 1989.

27.
28.

29.

30.

31.

281

Sutula, T.; Steward, O. Quantitative analysis of synaptic potenti-
ation during kindling. J. Neurophysiol. 56:732-746; 1986.
Sutula, T.; Steward, O. Facilitation of kindling by prior induction
of long-term potentiation in the perforant path. Brain Res. 420:
109-117; 1987.

Thomson, A. M.; Walker, V. E.; Flynn, D. M. Glycine enhances
NMDA-receptor mediated synaptic potentials in neocortical
slices. Nature 338:422-424; 1989.

Van Gelder, N. M.; Sherwin, A. L.; Rasmussen, T. Amino acid
content of epileptogenic human brain: Focal vs. surrounding re-
gions. Brain Res. 40:385-393; 1972.

Wood, P. L.; Emmet, M. R.; Rao, T. S.; Mick, S.; Cler, J.;
Iyenegar, S. In vivo modulation of the N-methyl-D-aspartate re-
ceptor complex by D-serine: Potentiation of ongoing neuronal
activity as evidenced by increased cerebellar cyclic GMP. J. Neu-
rochem. 53:979-981; 1989.



