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Abstract

MDL 104,653 (3-phenyl-4-hydroxy-7-chloro-quinolin-2(1 H)-one), acts as an antagonist at the glycine site of the NMDA
receptor. MDL 104,653 protects against sound-induced clonic seizures in DBA /2 mice following intracerebroventricular
(EDs, = 19.1 nmol, 30 min), intraperitoneal (i.p.; EDy, = 6.1 wmol/kg, 45 min), or oral (EDs, = 23.0 pmol /kg, 2 h) administra-
tion. Optimal protection by MDL 104,653 was observed 15-60 min after i.p. administration, and the therapeutic index, as
assessed by rotarod performance, was 4.0 at 45 min after i.p. administration. Fully amygdala-kindled motor seizures in rats were
significantly reduced at 15, 30 and 60 min, and the duration of the after-discharge was significantly shortened at 30 min after the
i.p. administration of 74 wmol/kg MDL 104,653. A lower dose of MDL 104,653 (37 umol /kg) had no significant effect on either
motor seizures or after-discharge duration. The rate of amygdala kindling was also significantly retarded following the daily
administration of 56 umol/kg MDL 104,653 (1 times daily for 6 days; i.p. 30 min before kindling stimulus).
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1. Introduction

Antagonists acting at the glycine site of the NMDA
receptor reverse the glycine potentiation of NMDA
responses in in vivo or in vitro systems (Palfreyman and
Baron, 1991; Baron et al., 1992; Kemp and Leeson,
1993) and have anticonvulsant activity in many experi-
mental seizure models (Skolnick et al., 1989; Chia-
mulera et al.,, 1990; Croucher and Bradford, 1990,
1991; Koek and Colpaert, 1990; Saywell et al., 1991;
Peterson, 1992; Smith and Meldrum, 1992). The anti-
convulsant activity of the glycine site antagonists is
analogous to the better characterized anticonvulsant
properties of antagonists acting at other sites of the
NMDA receptor (competitive antagonists; channel site
antagonists) and at the non-NMDA AMPA /kainate
receptor (see Chapman, 1991; Chapman and Meldrum,
1993). Although antagonists acting at different NMDA
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and non-NMDA sites share many anticonvulsant prop-
erties, there are some important differences between
the different groups of antagonists with respect to their
therapeutic indices, uptake into the brain, or selectivity
for different seizure types. For instance, competitive
NMDA receptor antagonists are not very effective in
blocking fully kindled seizures (Loscher and Hénack,
1991; Morimoto et al., 1991; Cotterell et al.,, 1992;
Diirmiiller et al,, 1994), even though they potently
inhibit the development of kindling (Morimoto et al.,
1991; see Chapman, 1991). The non-NMDA receptor
antagonists, NBQX (2,3-dihydroxy-6-nitro-7-sulphamo-
yl-benzo{ F)quinoxaline) or GYKI 52466 (1-(a-ami-
nophenyl)-4-methyl-7,8-methylenedioxy-5 H-2,3-benzo-
diazepine), on the other hand, inhibit fully amygdala-
kindled seizures, while having less effect on the devel-
opment of kindling (Diirmiiller et al., 1994; Namba et
al.,, 1994). It is therefore of interest to compare the
anticonvulsant action of a glycine site antagonist against
the kindling process and against fully kindled seizures.

In addition, most of the currently available glycine
site antagonists (e.g. the kynurenic acid derivatives)
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Fig. 1. Chemical structure of MDL 104,653 ((3-phenyl-4-hydroxy-7-
chloro-quinolin-2(1 H )-one).

have a short time course of action and penetrate the
blood-brain barrier poorly. We are therefore interested
in identifying potent antagonists for this site with a
favourable brain uptake and improved time course of
action. MDL 104,653 (3-phenyl-4-hydroxy-7-chloro-
quinolin-2(1 H)-one; Fig. 1) belongs to a novel class of
3-substituted 3-phenyl-4-hydroxy-2-quinolones with se-
lective glycine/NMDA receptor antagonist activity
(McQuaid et al., 1992; Kulagowski et al., 1994). Anti-
convulsant activity against sound-induced seizures in
DBA /2 mice has been reported in preliminary form
for MDL 104,653 and closely related structural ana-
logues (Chapman et al., 1993; Rowley et al., 1993;
Kulagowski et al., 1994).

2. Materials and methods
2.1. Animals and anticonvulsant testing

DBA /2 mice, male and female, aged 3-4 weeks
(weight 6-13 g, Institute of Psychiatry stock) were used
in this study. Sound-induced seizure response was as-
sessed as previously described (Patel et al.,, 1990).
Briefly, at a fixed time following drug administration
the rectal temperatures of the animals were deter-
mined, and the mice were placed individually under a
Plexiglas dome fitted with a bell at the apex, which
generated a mixed frequency sound of 109 dB. The
sound stimulus triggered a characteristic sequence of
responses in the mice in the control group, consisting
of (1) a wild running phase (onset 1-4 s), (2) clonic
seizures (onset 4-10 s), (3) tonic extension (onset 10-25
s), frequently followed by (4) respiratory arrest (onset
15-45 s). In this study we only report ED., values for
suppression of the clonic phase of the seizure response.

The kindling procedure in male Wistar rats (386
g+ 38 S.D., n=35) was carried out as previously de-
scribed (Diirmiiller et al., 1994). Bipolar depth elec-
trodes were implanted into the left amygdala under
pentobarbital anaesthesia 13 +4 S.D. (n =35) days
before the rats received the first kindling stimulus.
Amygdala stimulation was given for 2 s (parameters:
bipolar, 50 pps, 1 ms pulse-width, 8 V amplitude) on a
daily basis until the rats exhibited at least three consec-
utive stage 5 seizures, according to a slightly modified
Racine score — stage 1: mouth and facial movements;

stage 2: head nodding and/or eyelid or facial clonus;
stage 3: unilateral /bilateral forelimb clonus; stage 4:
same as stage 3 plus rearing; stage 5: same as stage 4
plus loss of balance (Racine, 1972; Diirmiiller et al.,
1994). A short pre-stimulus EEG period and the after-
discharges (AD) were recorded from the sensorimotor
cortex and the amygdala.

2.2. Drugs and drug administration

MDL 104,653 (3-phenyl-4-hydroxy-7-chloro-quino-
lin-2(1 H )-one; molecular weight =271.7) was a gift
from Marion Merrell Dow Research Institute, Cincin-
nati, OH, USA).

Intraperitoneal (i.p.) administration, DBA /2 mice:
MDL 104,653 was dissolved in saline adjusted to pH 7
with 1 N NaOH. The drug was administered i.p. (3.5-
18.5 umol/kg; 0.1 ml of drug solution per 10 g body
weight) to groups of DBA /2 mice (n =9-10) 45 min
before a sound stimulus was applied to evoke a seizure
response.

Oral (p.o.) administration, DBA /2 mice: MDL
104,653 was dissolved in saline adjusted to pH 7 with 1
N NaOH and administered orally (18.5-74 pmol /kg;
0.2 ml of drug solution per 10 g body weight) to groups
of DBA/2 mice (n =8-9). The DBA/2 mice were
tested for sound-induced seizure response 2 h follow-
ing the p.o. administration of the drug.

Intracerebroventricular  (i.c.v.)  administration,
DBA /2 mice: MDL 104,653 was dissolved in 67 mM
sodium phosphate buffer, pH 7.3 and administered
i.c.v. to lightly ether-anaesthetized mice (1.8-37 nmol;
10 w1 per mouse; n =10-11) 30 min prior to sound
exposure.

L.p. administration, fully kindled rats: MDL 104,653
was dissolved in saline adjusted to pH 7 with 1 N
NaOH and administered i.p. (37 or 74 pmol /kg; 1 ml
of drug solution per 100 g body weight) to groups of
fully kindled rats (n = 6 per dose and per time point).
The rats received control amygdala stimulations the
day before the drug test and were assessed for after-
discharge duration and Racine seizure score. The fol-
lowing day the rats received another amygdala stimula-
tion at 15, 30 or 60 min following drug administration
(only a single time-point was assessed on a given day)
and finally another control stimulation 24 h after drug
administration.

I.p. administration during the kindling process: 56
pmol /kg MDL 104,653 was administered daily for 6
days (days 3-8 of the kindling protocol) 30 min before
the rats (n = 6) received the kindling stimulation. There
were two different control groups for the kindling
procedure: one kindled control group (n = 9) received
daily saline i.p. administrations, while the other control
group (n = 11) received no treatment. There were no
statistically significant differences between these two
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control groups with respect to their rates of develop-
ment of after-discharge or motor seizures.

2.3. Rotarod performance

Prior to drug administration the mice were trained
to remain for 2 min on a rod 25 mm in diameter and
rotating at 18-22 rotations per minute. MDL 104,653
was administered i.p. (11-74 umol/kg) to groups of
DBA /2 mice {rn = 9-10). The rotarod performance of
the mice was assessed 45 min and 2 h after the i.p.
administration of MDL 104,653.

2.4. Statistics

EDg, values for inhibition against sound-induced
clonic seizures in DBA /2 mice were calculated with
95% confidence limits according to Litchfield and
Wilcoxon (1949).

The Wilcoxon two-sample test was used for statisti-
cal analysis of drug-induced effects on cortical after-
discharge duration and seizure score in kindled rats.
The responses to control amygdala stimulation 24 h
before drug administration were used for comparison.
Asterisks denote responses significantly different from
control responses: “P < 0.05, ™ * P < 0.01. The Wilcoxon
two-sample test was also used to compare the delay to
the first stage 5 seizure between control and drug-
treated animals.

An analysis of variance test (ANOVA) for repeated
measures was used to compare the after-discharge
duration (cortex and amygdala) between control and
drug-treated rats.

3. Results
3.1. Sound-induced seizures in DBA /2 mice

MDL 104,653 administration (i.p., p.o. or i.c.v.) had
no significant effect on the body temperature of
DBA /2 mice at any of the doses tested (data not
shown).

A fully anticonvulsant dose (18.5 wmol/kg or 5
mg/kg) of MDL 104,653 gave complete protection
against sound-induced clonic and tonic seizures in
DBA /2 mice, and partial protection against the wild
running phase, for 15-60 min after its i.p. administra-
tion, with a gradual return to control seizure response
during the following 2 h (Fig. 2).

Dose-dependent suppression of clonic seizures in
DBA /2 mice following i.p., p.o. or i.c.v. administration
of MDL 104,653 is shown in Fig. 3a—c. The corre-
sponding EDs, values (umol/kg) for the protection
against sound-induced clonic seizures by MDL 104,653
are listed in Table 1.
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Fig. 2. The duration of the MDL 104,653-induced suppression of
sound-induced wild running (WR), clonic, and tonic seizures in
DBA /2 mice following the i.p. administration of a fully anticonvul-
sant dose (18 wmol /kg) of MDL 104,653 (n = 9-10 per dose).
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Fig. 3. Dose-dependent suppression of sound-induced clonic seizures
in DBA /2 mice by MDL 104,653 (a) 45 min after i.p. administration,
(b) 2 h after p.o. administration, and (c) 30 min after i.c.v. adminis-
tration. n = 8-11 per group. See Materials and methods for further
experimental details.

nmol i.c.v., 30 min

The DBA /2 mice exhibited normal behaviour at the
therapeutic dose ranges of MDL 104,653 (3.5-18.5
wmol /kg i.p.; 18.5-74 umol /kg p.o.; or 1.8-37 nmol
i.c.v.). Rotarod performance was assessed following i.p.
administration of MDL 104,653 (11-74 umol /kg). At
high drug doses (37-74 umol /kg i.p.), the mice exhib-
ited severe ataxia during the first hour after drug
administration. This is reflected in an impairment of
rotarod performance with an EDg, of 24.3 pumol /kg.
The ratio of the EDs, for rotarod performance divided

Table 1

The inhibition of sound-induced clonic seizures and the impairment
of rotarod performance in DBA/2 mice following systemic and
central administration of MDL 104,653

EDy, T.L
umol /kg nmol value
Anticonvulsant activity
(clonic seizures)
i.p. 45 min 6.1 (4.6-8.0) -
p.o.2h 23.0(13.2-39.8) -
i.c.v. 30 min - 19.1 (11.8-31.1)
Rotarod impairment
i.p., 45 min 24.3(19.2-30.7) - 4.0

T.I.: therapeutic index.
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by the EDq, for the anticonvulsant effect gives a thera-
peutic index of 4.0 (Table 1). By 2 h following i.p.
administration of MDL 104,653 the rotarod perfor-
mance had returned to normal at all doses tested (data
not shown).

3.2. Effect of MDL 104,653 on fully kindled seizures

The i.p. administration of 37 umol /kg MDL 104,653
to amygdala-kindled rats had no significant effect on
either the behavioural seizure score or the duration of
the cortical (Fig. 4a) or amygdala (data not shown)
after-discharge when tested 15, 30 and 60 min after
drug administration. A higher dose of MDL 104,653
(74 umol/kg i.p.) significantly reduced the seizure
score from 5.0 in the pre-drug controls to 3.8 at 15 min,
1.3 at 30 min, and 2.7 at 60 min after drug administra-
tion (Fig. 4b). The cortical after-discharge duration was
significantly reduced from 95.5 s in pre-drug controls
to 37.8 s at 30 min after the i.p. administration of 74
pmol /kg MDL 104,653. The amygdala after-discharge
duration was also significantly reduced from 98.0 s in
pre-drug controls to 37.8 s in the same post-drug group
(data not shown).

3.3. Effect of MDL 104,653 on the rate of kindling

Rats were injected i.p. with 56 pmol/kg MDL
104,653 30 min before receiving kindling stimuli, start-
ing on the third day of the kindling procedure with
daily repeats for 6 days. The rate of expression of stage
1 and stage 2 seizures in the experimental group was
the same as in the two control groups, but stage 3-5
seizures {(containing a clonic component) were not ex-

AD duration (seconds)

AD duration {seconds)
8

Seizure
score

5
-24h  +24h -24h  +24h -24h  +24h -24h  +24h  -24h  +24h -24h  +24h

15 min 30 min 60 min 15 min 30 min 60 min

Fig. 4. The effect of (a) 37 pmol/kg, and (b) 74 uwmol /kg of MDL
104,653 (15-60 min pretreatment) on cortical after-discharge (AD)
duration (top, open bars) and seizure score (bottom, filled bars) in
fully amygdala-kindled rats (n = 6 per dose and time point). Pre-drug
control responses (—24 h), and post-drug recovery responses (+ 24
h) are also included in the figure. Asterisks denote responses signifi-
cantly different from pre-drug responses (see Materials and methods
for further details).
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Fig. 5. The effect of daily (56 wmol/kg i.p., 30 min pre-stimulation;
n=6; filled squares) MDL 104,653 administration on the rate of
appearance of motor seizures during amygdala kindling in Wistar
rats, compared with untreated (None; n=11; open circles) and
saline-treated (Saline; 30 min pre-stimulation; n=9; filled circles)
control groups. The horizontal bar indicates the 6-day period when
drug or saline injections preceded the kindling stimulus (see Materi-
als and methods for further details).

pressed as long as MDL 104,653 was administered (Fig.
5). The overall average numbers of stimulations needed
for reaching stage 5 seizures in the two control groups
were 7.6 (no treatment) or 8.7 (saline treatment), while
11.3 stimulations were required in the MDL 104,653-
treated group. The difference between the experimen-
tal group and the control groups in the rate of achiev-
ing stage 5 seizures was statistically significant (P <
0.05). When the entire kindling procedure (pre-, dur-
ing-, and post-drug periods) was considered, there were
no overall significant differences between the rates of

Amygdala AD duration (s)

1 2 3 4 5 6 7 8 9 10 11 12 13

Cortlical AD duration (s)

1 2 3 &4 5 6 7 8 9 10 11 12 13
Number of Stimulations

Fig. 6. The effect of daily (56 wmol /kg i.p., 30 min pre-stimulation;
n=6; filled squares) MDL 104,653 administration on the rate of
increase in amygdala (a) and cortical (b) after-discharge (AD) dura-
tion during amygdala kindling in Wistar rats, compared with un-
treated (None; n=11; open circles) and saline-treated (Saline; 30
min pre-stimulation; n=9; filled circles) control groups. The hori-
zontal bar indicates the 6-day period when drug or saline injections
preceded the kindling stimulus (see Materials and methods for
further details).
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increases in cortical and amygdala after-discharge du-
ration between the experimental and control groups
(Fig. 6a and b). However, when tested 30 min post-drug
during the six consecutive days of drug administration,
56 pwmol /kg MDL 104,653 caused a significant reduc-
tion in cortical after-discharge duration (P < 0.05; Fig.
6b) and a non-significant reduction in amygdala after-
discharge duration during the drug treatment period
(Fig. 6a).

4. Discussion

MDL 104,653 belongs to a large class of 3'-sub-
stituted 3-phenyl-4-hydroxy-2-quinolones that have re-
cently been shown to be selective antagonists at the
glycine site of the NMDA receptor complex (McQuaid
et al., 1992; Rowley et al.,, 1993; Kulagowski et al.,
1994). Their glycine /NMDA receptor antagonist activ-
ity is demonstrated by displacement of tritiated glycine
or 1.-689,560 binding with potencies in the low to mid
nanamolar range, and with K, values against NMDA
depolarization of cortical slices in the low micromolar
range. A number of this class of glycine/NMDA
receptor antagonists have been shown to be active
against sound-induced seizures in DBA /2 mice, with a
broad correlation between their anticonvulsant poten-
cies and their affinities for the glycine/NMDA site
(Carling et al., 1993; Rowley et al., 1993; Kulagowski et
al., 1994). MDL 104,653 is not the most potent com-
pound in this series. Certain 3’-substitutions in the
3-phenyl ring of the compounds improve both receptor
binding by up to 50-100-fold and anticonvulsant effi-
cacy by 5-10-fold (Kulagowski et al., 1994). The affinity
and selectivity of MDL 104,653 for the glycine/NMDA
site is demonstrated by IC,, values of 273 + 46 nM
versus [*Hlglycine and 1.1 + 0.1 uM versus NMDA-
stimulated ¢cGMP accumulation in cerebellar slices,
and IC,, values > 100 uM for tritiated kainate and
AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole pro-
pionate) binding (Chapman et al., 1993; B. Siegel, A.
Slone and B. Baron, Marion Merrell Dow, Cincinnati,
OH, USA, unpublished results).

The potent oral availability and sustained anticon-
vulsant action of MDL 104,653 against reflex epilepsy
(sound-induced seizures in DBA /2 mice), epileptogen-
esis (kindling process) and ‘complex partial epilepsy’
(fully amygdala-kindled seizures) represent a major
advance towards finding therapeutically useful anticon-
vulsants among the glycine/NMDA receptor antago-
nists. MDL 104,653 has a much more favourable time
course and systemic anticonvulsant efficacy than most
of the previously available glycine site antagonists, such
as kynurenic acid derivatives. Interestingly, following
i.c.v. administration MDL 104,653 has an EDs, value
of 19.1 nmol (Table 1), which is very similar to the

anticonvulsant EDs, values (nmol, i.c.v., 15 min pre-
treatment, clonic seizures; 95% lower and upper confi-
dence limits given in parentheses) listed below for the
more potent of the kynurenic acid derivatives, using
the same DBA /2 seizure model: 7-chloro-kynurenic
acid, 18.9 (15.1-23.6) nmol; 5,7-dichloro-kynurenic acid,
11.2 (9.3-16.7) nmol; 5,7-dichloro-thiokynurenic acid,
17.2 (13.8-24.1) nmol (Chapman, unpublished results).
The quite potent anticonvulsant action of MDL 104,653
following systemic (i.p. or p.o.) administration, com-
pared to the kynurenic acid derivatives that in our
hands have no anticonvulsant activity against sound-in-
duced seizures in DBA /2 mice at doses of up to 50
pmol/kg following systemic administration, must
therefore be due to a favourable uptake system for this
compound, rather than a higher intrinsic anticonvul-
sant activity. The therapeutic index of 4.0 observed in
DBA /2 mice following i.p. drug administration is simi-
lar to values previously observed after the administra-
tion of competitive NMDA receptor antagonists and
compares favourably to therapeutic index values previ-
ously observed after the administration of other
glycine /NMDA site antagonists (see Chapman, 1991).
We observed no overt difference between naive and
kindled rats with respect to the degree of ataxia and
other locomotor impairment induced by 56 pumol/kg
MDL 104,653 (the dose used for chronic administra-
tion). This is in contrast to the behavioural side-effects
of competitive NMDA receptor antagonists that ap-
pear more pronounced in kindled than in naive rats
(Loscher and Honack, 1991).

The anticonvulsant protection achieved with MDL
104,653 both against fully kindled seizures (suppression
of both after-discharge duration and motor seizures)
and against the kindling process, is in interesting con-
trast to what has previously been observed using com-
petitive NMDA receptor antagonists, that suppress the
kindling process (after-discharge duration and motor
seizures) more potently than they suppress fully kin-
died seizures (Morimoto et al., 1991; Loscher and
Honack, 1991; Diirmiiller et al., 1994). AMPA /kainate
receptor antagonists, conversely, have no significant
effect on the motor seizure manifestation during the
kindling process, while potently suppressing the seizure
score in fully amygdala-kindled rats (Dirmuller et al.,
1994; Namba et al., 1994). The involvement of
glycine /NMDA receptor antagonists in regulating both
the kindling development and the expression of fully
kindled seizures has been suggested earlier by using
intra-amygdaloid or i.c.v. injections of the centrally
(but not systemically) active glycine /NMDA receptor
antagonist, 7-chloro-kynurenic acid (Croucher and
Bradford, 1990, 1991; Namba et al., 1993). These stud-
ies demonstrated a significant retardation of the devel-
opment of both the after-discharge and motor seizure
components of kindled seizures associated with chronic
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7-chloro-kynurenic acid administration (Croucher and
Bradford, 1990; Namba et al.,, 1993). The effect of
7-chloro-kynurenic acid (10-50 nmol) on fully kindled
seizures was less pronounced: only the generalized
seizure threshold was significantly elevated by focal
injections of 7-chloro-kynurenic acid, while after-dis-
charge duration and expression of motor seizures were
not affected by 7-chloro-kynurenic acid (Croucher and
Bradford, 1991; Namba et al., 1993).
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