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Abstract

In this study, we investigated whether the novel neuroprotective compound dimethyl-{2-[2-(3-phenyl-[1,2,4]oxadiazol-5-yl)-phenoxy]-
ethyl}-amine hydrochloride, BIIR 561 CL, a combined non-competitive antagonist of AMPA receptors and blocker of voltage-gated Na*
channels, is protective in a rat model of severe globa ischaemia. BIIR 561 CL administered immediately after 10 min of ischaemia
(occlusion of both carotid arteries plus reduction of arterial blood pressure to 38—40 mm Hg) significantly reduced hippocampal damage
a 4x26.8 mg/kg (subcutaneous injections). The competitive AMPA receptor antagonist 2,3-dihydro-6-nitro-7-sulfamoyl-
benz(F)quinoxaline, NBQX, was used as a reference compound and was protective at 3x 30 mg/kg (intraperitoneal and/or
subcutaneous administration). BIIR 561 CL significantly reduced the ischaemia-induced premature mortality from 33.6% in the controls
to 14.3%, whereas NBQX treatment had no statistically significant effect.

Thus, BIIR 561 CL could be shown to reduce hippocampal damage and premature mortality in a model of severe global ischaemia. A
compound with these properties might be an interesting candidate for the treatment of disorders related to global cerebral ischaemia in

man. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

In a recent publication, we presented data on dimethyl-
{2-[2-(3-phenyl-[1,2,4] oxadiazol-5-yl)-phenoxy]-ethyl}-
amine hydrochloride, BIIR 561 CL, a novel development
compound for the treatment of excitotoxicity-related disor-
ders of the brain (Weiser et al., 1999). BIIR 561 CL is a
compound with a dual mechanism of action: It is a non-
competitive inhibitor of glutamate receptors of the AMPA
subtype, as well as a blocker of voltage-gated Na* chan-
nels. Both of these mechanisms have been shown to be
neuroprotective in models of globa ischaemia. NBQX
(2,3-dihydro-6-nitro-7-sulfamoyl-benz( F )quinoxaline), a
competitive AMPA receptor antagonist, as well as some of
its newer derivatives, reduced the brain damage induced by
transient global ischaemia (Buchan et a., 1991; Diemer et
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al., 1992; Sheardown et a., 1993; Kawasaki-Y atsugi et d.,
1997; Turski et al., 1998; O'Neill et al., 1998). Blockers of
voltage-gated Na™ channels, like riluzole, mexiletine, or
even tetrodotoxin, also have neuroprotective effects in vivo
(Madlgouris et a., 1989; Stys and Lesiuk, 1996; Lysko et
al., 1994). One can therefore hypothesize that a compound
which combines these two mechanisms should be neuro-
protective as well.

Therefore, we tested BIIR 561 CL in a rat model of
severe global ischaemia. Our investigations targeted mainly
two questions:

1. Does BIIR 561 CL reduce hippocampal damage in a
severe rat model of global ischaemia?

2. Does the compound reduce mortality of the animals
which were subjected to ischaemia?

The effects of BIIR 561 CL were compared with those
of the well-described AMPA receptor antagonist NBQX.

0014-2999,/01 /% - see front matter © 2001 Elsevier Science B.V. All rights reserved.
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2. Methods

2.1. Experimental procedures

Mae Wistar rats weighing 330—400 g were used. The
experiments were approved by the Bezirksregierung
Rheinhessen-Pfalz. The animals were kept in groups of
5 in. Makrolon cages type 4 with softwood granulate
bedding and had free access to tap water and standard
pellet diet until the experiment began.

Transient global cerebral ischaemia was induced by
occlusion of both common carotid arteries and hypobaric
hypotension, similar to the method described by Dirnagl et
al. (1993): The animals were anaesthetised with isoflurane
(spontaneous respiration, initial concentration 2.5%, then
1.3% during surgery, reduction to approximately 0.5% as
appropriate to maintain spontaneous respiration during is-
chaemia). During the whole experiment, the body tempera-
ture of the rat was maintained between 37°C and 38°C
with a heating pad and a heating lamp.

The body was shaved below the costal margin in a
belt-like manner. A mark was made with a pen 1.5 cm
below the costal margin. The shaved belt was wetted with
tylose gel and the lower body of the animal was placed in
aplastic tube. The sealing between plastic tube and rat was
achieved by a belt-like latex membrane which was fixed to
the rat at the mark with a circular rubber ring.

A median incision was made in the neck. Both common
carotid arteries were carefully exposed without lesioning
the vagus nerves. The right carotid artery was distally
ligated and proximally cannulated with a PE 50 tube for
measuring blood pressure (Statham pressure transducer P
23 XL, Grass polygraph model 7 or 7C). Thus, the right
carotid artery was permanently occluded. Cerebra is-
chaemia was induced for 10 min by evacuating the plastic
tube by a membrane pump until the blood pressure mea-
sured in the carotid artery was 38—40 mm Hg and then
clamping the left carotid artery with a small serrefine
(t=0 min). The cerebral perfusion was shown to be
< 5% of normal in this model when the arterial blood
pressure was adjusted to 55 mm Hg (Dirnagl et al., 1993).

After 10 min of ischaemia, the serrefine was removed,
and the lower body suction was terminated by turning off
the pump and opening the rubber ring. An arterial blood
sample was taken from the cannulated carotid artery for
blood gas analysis (ABL 600, Radiometer, Copenhagen).
The proximal stump of the right carotid artery was ligated
and the wound was sutured. The animals were kept for two
further hours in a Makrolon cage type 3 under a heating
lamp which was adjusted to keep the animals rectal
temperature between 37°C and 38°C.

The first administration of test compound or vehicle
was immediately after the end of ischaemia (t = 10 min).
Further administrations were done at t =40, 70 and 130
min for BIIR 561 CL (al administrations s.c.) and at

t=40 and 70 min for NBQX (2,3-dihydro-6-nitro-7-
sulfamoyl-benz( F)quinoxaling; all administrations i.p.).
The latter was also administered in a different regimen at
t= —5min s.c. (for technical reasons; before beginning of
ischaemia), t =10 min i.p. (after end of ischaemia) and
t =25 mini.p. The dosing scheme of NBQX was based on
published reports (maximum tolerated dose, e.g.,
Shimizu-Sasamata et a., 1996). The dosing scheme of
BIIR 561 CL was chosen in a way to obtain a fast rise of
the plasma level with single doses which did not induce
unbearable side effects in conscious animals. The plasma
half-life of BIIR 561 CL is 0.9 h, and the plasma level
after the fourth injection was approx. 1 pg/ml (unpub-
lished observations).

Furthermore, two sham-operated groups were included
in the study, sham-I, in which both carotid arteries were
clamped or cannulated as usual, but no lower body suction
was applied, and sham-Il in which the left carotid artery
was not clamped for 10 min during the hypotension.

The animals were then kept in single cages with tap
water and standard pellet diet ad libitum, and were daily
weighed. The number of deaths within the first week was
counted per treatment group for statistical evaluation. On
the seventh day after ischaemia, the animals were sacri-
ficed by exsanguination under isoflurane anaesthesia. The
brain was rapidly removed and suspended in 7.5% forma-
lin solution for at least 24 h. The relevant part of the brain
(1 mm anterior of bregma—4 mm posterior of bregma) was
bedded in a paraffin block. Coronal sections (7 wm) of the
dorsal hippocampus were made and stained with cresyl
violet, according to standard techniques. The section (ap-
prox. bregma—3.3, Paxinos and Watson, 1982) was se-
lected for histological examination. The hippocampal re-
gions CA1-CA4 were examined by light microscopy. The
degree of the lesion was separately scored (0—4, in steps of
0.5) for both sides of the brain according to the cell lossin
the hippocampal pyramidal cell layer as follows.

1. In approximately 1,/3 of the CA1 region more than
50% of the cells were degenerated or pycnotic.

2. In approximately 2/3 of the CA1 region more than
50% of the cells were degenerated or pycnotic.

3. In the whole CA1 region more than 50% of the cells
were degenerated or pycnatic.

4. Also in the CA2, CA3 and CA4 regions more than
50% of the cells were degenerated or pycnotic.

The scores of both sides were added (maximum lesion
= 8) and this total score was used for statistical evaluation.
The examination was independently performed twice, by
the two investigators, in a non-blinded manner. If a differ-
ent rating occurred, both investigators commonly re-
evaluated the section and made a consensus decision on
the score.
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Fig. 1. Hippocampal lesions after global ischaemia. BIIR 561 CL (BIIR) dose-dependently reduced the lesion scores induced by 10 min of severe global
ischaemia. The effect was statistically significant with 4 X 26.8 mg,/kg. NBQX reduced the lesion scores when administered pre- and post-ischaemia
(p/p), or only post-ischaemia (— /p). Both sham groups did not suffer hippocampal damage (sham-I = both carotid arteries clamped or cannulated, no
lower body suction; sham-Il = left carotid was not clamped, but lower body suction applied). Open bars refer to the scores of animals subjected to
ischaemia with vehicle; hatched bars represent the verum or sham groups, respectively. Data are shown as medians with 25% and 75% quartiles. Statistical

significance (P < 0.05) is indicated by asterisks; see text for details.

2.2. Satistical evaluation

Approximately 10 animals were used per treatment
group. The data of repeated experiments were additionally
pooled and statistically evaluated.

For the lesion scores, a hon-parametric evaluation was
considered appropriate. Therefore, the medians and the
upper and lower quartiles were used for descriptive statis-
tics. A two-tailed rank test for complete block designs
(Haux et al., 1984) was applied to compare control and
treated groups (level of significance= 0.05). Within the
test, the different technicians were considered as the block
variable. In the case of several comparisons to one control,
P values were adjusted according to Bonferroni—Holm.

The numbers of premature deaths within the first week
were analysed with the Pearson chi-square test for the
groups with significant protection as judged by the lesion
score. This was to exclude a pretended protection by
potentially increased mortality in the treated groups (better
survival of animals with small lesions): For the resulting
3 X 2-contingency table “treatment X status (death
‘yes/no’)”, the treatment specific probabilities for ‘death

Table 1
Lesion scores in the single experiments

within the first week’ were compared by the Pearson
chi-sguare statistic with two degrees of freedom. In case
that the hypothesis of egqual death probabilities had to be
rejected (P < 0.05) subsequently within a closed testing
procedure, the three possible pairwise treatment compar-
isons were performed applying the Pearson chi-square test
with one degree of freedom for 2 X 2-contingency tables.

To the other parameters measured (body temperature,
arterial oxygen saturation (% sO,) and arterial CO, partial
pressure ( pCO,, mm Hg), only descriptive statistics were
applied (arithmetic mean, standard deviation (S.D.)). The
statistical analysis was carried out with the program SAS
(SAS Ingtitute, Cary, NC), version 6.11.

2.3. Compounds

BIIR 561 CL (synthesized at the Department of Medici-
nal Chemistry of Boehringer Ingelheim Pharma KG) was
dissolved in demineralised water. NBQX (Tocris Cookson,
Bristol, UK) was dissolved in demineralised water with
addition of one eguivaent lithium hydroxide (final pH
8-8.5). The subcutaneous injections were made in the

Unpooled data for the experiments performed repeatedly. BIIR 561 CL was administered via subcutaneous injections, NBQX was given s.c./i.p. (pre- and
post-ischaemia; “pre”), or only i.p. (post ischaemia; “post”). For details of the statistical analysis, see text. P values < 0.05 were considered statistically

significant.
Experiment Median score Interquartile n Median score Interquartile n P vaue
(Control) range (Verum) range

BIIR 561-1 4 X 26.8 mg,/kg 6.50 3.00-7.00 13 325 2.00-5.75 16 0.0217
BIIR 561-11 4 X 26.8 mg/kg 6.50 6.00-7.50 10 3.50 1.50-6.00 11 0.0028
BIIR 561-111 4 X 26.8 mg/kg 7.00 5.50-8.00 11 525 1.00-6.00 10 0.0265
BIIR 561-1V 4 X 26.8 mg/kg 5.00 2.5-6.00 11 3.00 3.00-6.00 11 0.6490
NBQX-I 3 x 30 mg/kg pre 6.00 5.50-6.50 10 275 1.25-4.50 12 0.0060
NBQX-I 3 x 30 mg,/kg post 4.25 3.00-5.00 10 0.0177
NBQX-I1 3 x 30 mg/kg pre 6.00 6.00—6.50 10 4.75 2.50-6.00 10 0.0302
NBQX-I1 3 X 30 mg/kg post 4.00 3.00-5.00 10 0.0372
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Fig. 2. Effects of BIIR 561 CL and NBQX on premature mortality after
global ischaemia. Globa ischaemia induced mortality in 33.6% of the
control animals. BIIR 561 CL (BIIR, 4%x26.8 mg/kg) significantly
reduced premature mortdity to 14.3%. NBQX (pooled data for all
experiments) showed an insignificant trend towards reduction of mortality
(22.2%). Figures on top of the bars give the numbers of prematurely died
animals out of the total group size.

lower dorsal region. The injection volume was 0.1 ml /100
g body weight for BIIR 561 CL and 0.5 ml /100 g for
NBQX. The control groups received either the respective
vehicle (0.02 N LiOH for NBQX, pH 10.8) or no treatment
(sham groups).

3. Results

In vehicle-treated animals, the median lesion scores
obtained varied from 5.0 to 7.0 which indicates a consider-
able ischaemic hippocampal lesion under control condi-
tions. No lesions were observed in the sham-lI group,
showing that bilateral carotid occlusion did not induce
ischaemic damage in the rat hippocampus. In the sham-1I
group, some small to moderate lesions occurred, resulting

in a median score of 0.5 (interquartile range 0.0-1.0),
showing that if one carotid artery was occluded, the hy-
potension applied was severe enough to induce in some
cases hippocampal lesions (Fig. 1).

The effects of BIIR 561 CL and the reference com-
pound NBQX (2,3-dihydro-6-nitro-7-sulfamoyl-benz( F)-
quinoxaline) on the hippocampal lesion score are shown in
Fig. 1. BIIR 561 CL was tested in four separate experi-
ments at a dose of 4 X 26.8 mg/kg s.c. Analysis of the
pooled data showed that treatment with 4 X 26.8 mg/kg
s.c. BIIR 561 CL reduced the median score by 42% from
6.0 to 3.5 (P =0.0001).

Doses of 4% 8.95 (P =0.2808) and 4 X 2.68 mg/kg
s.c. (P =0.5972) did not exert significant protection under
these experimental conditions.

A single dose of 26.8 mg/kg s.c. BIIR 561 CL tended
to reduce the lesion score (from 5.3 in the controls to 3.5
in the treatment group; P = 0.0534).

NBQX (3 x 30 mg/kg) significantly reduced the hip-
pocampal lesion score either when administered before
(s.c./i.p.) or after (i.p.) ischaemia (Table 1). When the
data from the two experiments with NBQX were evaluated
after pooling, the effect appeared to be similar in size for
both ways of administration (pre- and post-ischaemia treat-
ment), and comparable to the effect achieved with BIIR
561 CL (4 X 26.8 mg/kg s.c.; Fig. 1). The data of the
separate experiments are listed in Table 1.

We further assessed the number of animals which died
prematurely during the survival period of 7 days in the
dose groups with significant protection as judged by the
lesion score. In the pooled control animals, the mortality
was 33.6% which may indicate the severity of the is
chaemic lesion. Treatment with 4 X 26.8 mg/kg s.c. BIIR
561 CL lowered the mortality to 14.3% (P = 0.007 vs.

Table 2
Body temperature and blood gasses before and after global ischaemia.
Treatment n Rectal temperature (°C) Arteria sO,(%) Arterid pCO, (mm Hg)
Before ischaemia After ischaemia After ischaemia After ischaemia
Control 45 372+ 04 379+ 0.7 88.0 + 14.0 436+ 74
BIIR 561 CL 4 X 26.8 mg/kg s.c. 48 374+ 04 37.7+ 05 914+ 48 43.6 +5.0
Control 10 376+ 0.6 37.7+09 87.3+18.7 46.7 + 83
BIIR 561 CL 4 X 2.68 mg,/kg s.C. 10 375+ 05 376+ 0.7 923+ 1.8 439+19
BIIR 561 CL 4 X 8.96 mg/kg s.c. 10 376+ 0.6 37.7+09 87.3+18.7 46.7+ 83
Control 12 372+ 04 38.2+ 0.6 91.1+45 421+ 4.6
BIIR561 CL 1 X 26.8 mg/kg s.c. 11 372+ 04 379+ 08 88.5 + 16.2 448 +11.8
Control 21 375+ 05 376+ 06 91.1+ 3.0 444+ 4.0
NBQX 3 x 30 mg/kg s.c./i.p. 22 375+ 06 375+ 05 89.4+ 52 441+ 49
NBQX 3 30 mg,/kgi.p. 2 374405 375+ 04 926+51 430+ 30
Sham-I 10 374+ 04 382+ 0.6 n.d. n.d.
Sham-I1 10 374+ 03 374+ 04 93.1+29 43.0+ 4.2

Sham-1 = both carotid arteries clamped or cannulated, no lower body suction.
Sham-II = left carotid was not clamped, but lower body suction applied.
NBQX experiments: s.c./i.p. = pre- and post-ischaemia treatment, i.p. = only post-ischaemia treatment.

n.d. = not determined.
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control), whereas NBQX (3 X 30 mg/kg s.c./i.p. or i.p.)
appeared to lower mortality to 22.2% (P = 0.126 vs. con-
trol; Fig. 2). None of the sham-operated animals died
prematurely which indicates that the mortality was specific
to the severe global ischaemia elicited under these experi-
mental conditions and not due to vagal nerve lesion. In any
case, it could be excluded that a potential increase in
mortality (selection due to survival only of animals with
smaller lesion size) in response to treatment with BIIR 561
CL or NBQX was the reason for the reductions in lesion
score observed.

The results of the rectal body temperature measure-
ments and the blood gas analyses are shown in Table 2.
There was a slight, but generally observed increase in body
temperature from “before ischaemia” to “after ischaemia”
and some values somewhat exceeded the intended range.
This dlight hyperthermia might have aggravated the seque-
lae of global ischaemiain our model.

The mean values for arterial O, saturation (% sO,) and
carbon dioxide partial pressure ( pCO,, mm Hg) were in
the range expected for spontaneously breathing rats anaes-
thetised with isoflurane.

4. Discussion

The aim of this study was to test whether the novel
anticonvulsant and neuroprotectant BIIR 561 CL was simi-
larly protective in a model of global ischaemia as the well
described reference compound NBQX. The latter com-
pound was administered at the maximum tolerated dose
(Shimizu-Sasamata et d., 1996). BIIR 561 CL was dosed
up to 4 X 26.8 mg/kg s.c., because up to this dosing the
side effects were tolerable in conscious rats and mice.

The presented model of global ischaemia was intention-
ally tailored to yield a relatively high degree of premature
mortality in the control groups. This was done to cover the
diverse causes and sequelae of global ischaemia in the
clinical situation. Thus, we could define two endpoints: (1)
a possible reduction of the hippocampal lesion score by the
drug treatment, and (2) the reduction of premature mortal-
ity.

The high hippocampal lesion scores and the consider-
able mortality in the control groups indicate that a severe
global cerebral ischaemia was achieved under the experi-
mental conditions of this study. The lesions appeared to be
specific since no comparable changes were observed in the
sham groups.

In a previous study, we reported the anticonvulsant
effects of BIIR 561 CL after systemic administration,
which demonstrates that the compound crosses the blood—
brain barrier (Weiser et a., 1999).

When data from all groups treated with 4 X 26.8 mg /kg
s.c. BIIR 561 CL after the end of ischaemia were evalu-
ated in a pooled manner, the neuroprotection elicited by
this compound was highly significant. The neuroprotective

effect of a single administration of 26.8 mg/kg s.c. BIIR
561 CL only slightly missed the level of significance, no
protective effects could be detected for the two lower
doses under these experimental conditions. This may be
interpreted as indicating that a rapid initial increase in the
plasma levels of BIIR 561 CL is important, or that the
achieved brain levels were not sufficient to provide signifi-
cant neuroprotection.

In the groups receiving the dose of 4 X 26.8 mg/kg s.c.
BIIR 561 CL, a significantly reduced premature mortality
was observed. This indicates that BIIR 561 CL exerts a
protective effect against the sequelae of ischaemia. More-
over, it suggests that the reduction in lesion scores was not
an artifact caused by the premature death of animals (with
severe lesions), and the resulting survival of animals with
smaller lesions.

As expected from published results, NBQX also signifi-
cantly reduced the hippocampal lesion score. The protec-
tive effect was comparable for pre- and post-lesion treat-
ment. A trend for a reduction in premature mortality was
seen, but this was not statistically significant with NBQX.

Antagonists of AMPA receptors were among the first
compounds shown to be effective in models of global
ischaemia. The first compound tested in a larger number of
studies was NBQX. This compound provided neuroprotec-
tion in severa models using rats or gerbils at doses
comparable to the 30 mg,/kg which we used in this study
(Buchan et a., 1991; Diemer et al., 1992; Sheardown et
al., 1993; Kawasaki-Y atsugi et al., 1997). Solubility prob-
lems of this compound led to the development of improved
derivatives with similar receptor-binding profiles and neu-
roprotective properties, like YM90K (6-(1H-imidazol-1-
y)-7-nitro-2,3(1H,4H)-quinoxalinedione) or ZK200775
([1, 2, 3, 4-tetrahydro-7-morpholinyl-2,3-dioxo-6-(trifluoro-
methyl)quinoxalin-1-yl]methylphosphonate; K awasaki-
Yatsugi et al., 1997; Turski et a., 1998). Na* channe
blockade also can offer profound neuroprotection, as has
been shown for riluzole or tetrodotoxin in gerbils
(Malgouris et a., 1989; Lysko et a., 1994). In these
studies, however, compound administration was started
before the onset of ischaemia.

The neuroprotection provided by BIIR 561 CL was
comparable to the effects of NBQX in our study. There
was, however, a more pronounced reduction in premature
mortality in the BIIR 561 CL-treated animals. One could
hypothetize that the blockade of Na* channels by this
compound has additional beneficial effects. Thus, a com-
pound like BIIR 561 CL might be an interesting candidate
for the treatment of disorders related to global cerebral
ischaemia in man.

Acknowledgements

The authors thank Ingrid Bauer and Waltraud Niemann
for their excellent technical assistance.



170 T. Weiser et al. / European Journal of Pharmacology 421 (2001) 165-170

References

Buchan, A., Li, H., Cho, S., Pulsineli, W.A., 1991. Blockade of the
AMPA receptor prevents CA1 hippocampal injury following severe
but transient forebrain ischemia in adult rats. Neurosci. Lett. 132,
255-258.

Diemer, N.H., Jorgensen, M.B., Johansen, F.F., Sheardown, M., Honorég,
T., 1992. Protection against ischemic hippocampal CA1 damage in
the rat with a new non-NMDA antagonist, NBQX. Acta Neurol.
Scand. 86, 45—49.

Dirnagl, U., Thorén, P., Villringer, A., Sixt, G., Them, A., Einhauptl,
K.M., 1993. Global forebrain ischaemia in the rat: controlled reduc-
tion of cerebral blood flow by hypobaric hypotension and two vessel
occlusion. Neural. Res. 15, 128—130.

Haux, R., Schumacher, M., Weckesser, G., 1984. Rank tests for complete
block designs. Biom. J. 26, 567-582.

Kawasaki-Yatsugi, S., Yatsugi, S., Koshiya, K., Shimizu-Sasamata, M.,
1997. Neuroprotective effect of YMO0K, an AMPA-receptor antago-
nist, against delayed neuronal death induced by transient global
cerebral ischemia in gerbils and rats. Jon. J. Pharmacol. 74 (3),
253-260.

Lysko, P.G., Webb, C.L., Yue, T.L.,, Gu, JL., Feuerstein, G., 1994.
Neuroprotective effects of tetrodotoxin as a Na* channel modulator
and glutamate release inhibitor in cultured rat cerebellar neurons and
in gerbil global brain ischemia. Stroke 25 (12), 2476-2482.

Malgouris, C., Bardot, F., Daniel, M., Pdllis, F., Rataud, J., Uzan, A.,
Blanchard, J.C., Laduron, P.M., 1989. Riluzole, a novel antigluta-
mate, prevents memory loss and hippocampal neuronal damage in
ischemic gerbils. J. Neurosci. 9 (11), 3720-3727.

O'Neill, M.J,, Bond, A., Ornstein, P.L., Ward, M.A., Hicks, C.A., Hoo,
K., Bleskman, D., Lodge, D., 1998. Decahydroisoquinolines: novel
competitive AMPA /kainate antagonists with neuroprotective effects
in global cerebral ischaemia. Neuropharmacology 37 (10-11), 1211—
1222.

Paxinos, G., Watson, C., 1982. The Rat Brain in Stereotaxic Coordinates.
Academic Press, London.

Sheardown, M.J.,, Suzdak, P.D., Nordholm, L., 1993. AMPA, but not
NMDA, receptor antagonism is neuroprotective in gerbil globa is-
chaemia, even when delayed 24 h. Eur. J. Pharmacol. 236 (3),
347-353.

Shimizu-Sasamata, M., Kawasaki-Y atsugi, S., Okada, M., Sakamoto, S.,
Yatsugi, S., Togami, J., Hatanaka, K., Ohmori, J, Koshiya, K.,
Usuda, S., Murase, K., 1996. YM90K: pharmacologica characteriza-
tion as a selective and potent alpha-amino-3-hydroxy-5-methyliso-
xazole-4-propionate,/kainate receptor antagonist. J. Pharmacol. Exp.
Ther. 276 (1), 84-92.

Stys, PK., Lesiuk, H., 1996. Correlation between electrophysiological
effects of mexiletine and ischemic protection in central nervous
system white matter. Neuroscience 71 (1), 27-36.

Turski, L., Huth, A., Sheardown, M., McDonald, F., Neuhaus, R.,
Schneider, H.H., Dirnagl, U., Wiegand, F., Jacobsen, P., Ottow, E.,
1998. ZK200775: a phosphonate quinoxalinedione AMPA antagonist
for neuroprotection in stroke and trauma. Proc. Natl. Acad. Sci. U. S.
A. 95 (18), 10960—10965.

Weiser, T., Brenner, M., Palluk, R., Bechtel, W.D., Brambilla, H.,
Ensinger, H.A., Sagrada, A., Wienrich, M., 1999. BIIR 561 Cl: a
novel combined antagonist of AMPA receptors and voltage-dependent
Na* channels with anticonvulsive and neuroprotective properties.
JPET 289, 1343-1349.



