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Abstract

The purpose of the present study was to evaluate in vivo the effect of a non competitive antagonist of the NMDA receptor, eliprodil,
on the size of a focal ischaemic insult and on its temporal evolution in a rat model, using a spin-echo diffusion magnetic resonance

Ž .imaging multislice technique. Rats were either injected with 1 mgrkg i.v. of eliprodil or with the vehicle only placebo 5 min after
Ž .middle cerebral artery occlusion, or not injected controls . Ten coronal slices were acquired every hour, up to 7 h after occlusion of the

artery, and the volume of hyperintense signals was measured at each time point and for each animal. Diffusion magnetic resonance
Ž .images revealed that the administration of eliprodil reduced significantly by 50% or more the volume of ischaemia, up to 7 h after

occlusion, particularly in the cortex of the ipsilateral hemisphere. The results show the potential efficacy of eliprodil to reduce the cerebral
ischaemic volume after arterial occlusion, thus confirming the interest of glutamate receptor antagonists in the treatment of ischaemia.
q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

A cerebral ischaemic accident produces a cascade of
interrelated events including a sudden decrease of intra-
cellular pH, a drop of the energy stores followed by ionic
imbalance, tissue depolarisation, release of excitotoxic
amino acids and a massive cytoplasmic entry of Ca2q,

Žleading to the formation of cytotoxic oedema for reviews
.see Miller et al., 1992; Siesjo, 1992a,b . Other mecha-¨

Žnisms, among which the formation of free radicals Carney
. Ž .et al., 1992 , of polyamines Dempsey et al., 1985, 1988

and the production of unsaturated free fatty acids, in
particular arachidonate, responsible for the synthesis of

Žprostaglandins and leukotrienes Kirino, 1982; Dempsey et
.al., 1985 , intervene during the ischaemic process and

severely affect cell viability. In the absence of reperfusion,
the ischaemic process leads, with time, to rupture of the

Žblood–brain barrier and to cell death for review see Hara
.et al., 1993 .

) Corresponding author. Tel.: q33-4-7676-5748; fax: q33-4-7676-
5896; e-mail: raphael.massarelli@zeus.ujf-grenoble.fr¨

The involvement of excitatory amino acids during is-
chaemia has led to the suggestion that blockade of
ionotropic glutamate receptors with specific antagonists

Žmight have a valuable neuroprotective action for review
.see Hossmann, 1996 . In the case of the NMDA receptor,

such neuroprotection has been sought for either by modu-
lation of the receptor with non competitive antagonists

Žsuch as channel blockers e.g., 5-methyl-10,11-dihydro-
w x .5H-dibenzo a,d cyclo-heptene-5,10-imine; MK 801 or its

blockade with competitive antagonists such as the piperi-
Ž .dine derivatives, 4- 3-phosphonopropyl -2-piperazine-

Ž . Žcarboxylic acid CCP; Boast et al., 1988 and cis-4- phos-
. Žphonomethyl -2-piperidine-carboxylic acid CGS 19755;

.Simon and Shiraishi, 1990 . Among the non-competitive
wŽ . Ž .NMDA receptor antagonists, ifenprodil " - R),S) -a-

Ž . Ž .4-hydroxyphenyl -b-methyl-4- phenyl- methyl -1-piperi-
Ž . Ž . Ž .dineethanol- R, R -2,3-dihydroxybutenedioate 2:1 salt ,
x wŽ . Žhemihydrate and its derivative, eliprodil " -a- 4-chloro-

. wŽ . x xphenyl - 4-fluorophenyl methyl -1- piperidineethanol ,
have been shown to occupy the polyamine site of the

Ž .receptor Carter et al., 1990 and to be effective to reduce
the focal ischaemic cytotoxic oedema in the rat, mouse and
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Ž .cat Gotti et al., 1988; Carter et al., 1988 . The efficacy of
these drugs, shown at late time after middle cerebral artery
occlusion by infusion or using repetitive injections, relies
upon their capacity to antagonize the neurotoxic effect of
spermidine and spermine when these are present in the
extracellular space. These polyamines should then act as

Žpossible modulators of the NMDA receptor Paschen,
.1992 . Early blockade of the polyamine site of the receptor

might then protect against the insult more efficiently.
To demonstrate the neuroprotective effect of a drug

with standard techniques is cumbersome as individual
animals have to be killed at different time points. In this

Ž .respect, diffusion magnetic resonance imaging D-MRI is
of special interest, first because it allows visualization of

Žthe insult and its follow-up in vivo Moseley et al., 1990;
Mintorovitch et al., 1991; Finelli et al., 1992; Benveniste

.et al., 1992; Sevick et al., 1992; Hoehn-Berlage, 1995
and, secondly, because it is accepted that the reduction of
the apparent diffusion coefficient of water, due to the
ischaemic insult corresponds to the development of the

Žcytotoxic oedema Hossmann et al., 1994; Perez-Trepichio
.et al., 1995 . The non-invasiveness and the high spatio-

temporal resolution of D-MRI, have allowed the use of this
methodology to follow the action of pharmacological agents
ŽElger et al., 1994; Muller et al., 1995; Le Bars et al.,¨

.1996 .
The present report deals with a study on the effect of

eliprodil on the volume and the evolution of focal cerebral
ischaemic infarcts in a rat model in vivo using D-MRI.
The results will be discussed as tentative answers to the

Ž .following questions: a whether eliprodil has any signifi-
cant effect upon ischaemic volume after a single injection,
Ž .b whether the drug effect persists during the whole

Ž . Ž .experimental period 7 h and c whether the drug has a
potential efficacy of action upon the peripheral territory of
the ischaemic insult.

2. Materials and methods

ŽTwenty eight rats 8 treated, 10 placebos and 10 con-
.trols; Sprague–Dawley males, 260–380 g body weight

were used for the experiments in accordance with the
Ždirectives of the French Ministry of Agriculture decree

No. 87-848, October 19, 1987, authorization No. 6549 to
.RM .

2.1. Surgery

ŽFocal ischaemia was induced under anaesthesia 1%
.halothane by middle cerebral artery occlusion according

Ž .to the method of Koizumi et al. 1986 as modified by
Ž .Roussel et al. 1994 . The technique consists in the inser-

Žtion of a nylon thread 0.17 mm thick, 20 mm long with an
.end bulb 0.3 mm thick and 3 mm long into the external

carotid artery and pushing it up to the origin of the middle

Žcerebral artery via the internal carotid. Eliprodil 1 mgrkg,
.0.1 mlr100 g body weight; Synthelabo, Bagneux was´

injected into the femoral vein 5 min after the occlusion of
the middle cerebral artery. Control animals were not in-
jected and ‘placebo’ animals were injected with the vehi-

Žcle solution only 1 mlrkg of 1 mmolrl citric acid in 5%
.glucose physiological saline solution .

2.2. Magnetic resonance imaging

The animals were positioned in the magnetic resonance
magnet with a stereotaxic head holder, kept under anaes-

Ž .thesia 1% halothane and maintained at a body tempera-
ture of 378C with a heating blanket, throughout the MRI
experiment. Imaging was performed in a horizontal magnet

Ž .of 2.35 Tesla 40 cm bore diameter , interfaced with an
Ž .MSL console Bruker, France , and equipped with an

unshielded 12 cm diameter gradient insert. A circular
Ž .surface coil 2.5 cm diameter was used for excitation as

well as for detection. Images were acquired every hour up
Ž .to 7 h post-occlusion of the middle cerebral artery is1–7

Žwith a spin-echo diffusion-weighted sequence Echo time
s80 ms, Repetition times2000 ms, slice thicknesss1
mm, matrix 128=128, field-of-views30 mm, number of

.acquisition per phase encoding steps8 . The two diffu-
sion sensitizing gradient pulses, 23 ms width, were applied

Ž .in the read direction along the X-axis, left–right . The
time between the two rising edges was 33.5 ms and the
gradient strength bs1200 srmm2. In order to eliminate
the potential influence of changes in T of tissue water2

during development of the oedema, the diffusion-weighted
sequence was alternated with a T -weighted spin-echo2

Ž .sequence number of acquisitionss4 using the same
parameters without diffusion sensitizing gradient pulses.
For each rat, two sets of 5 interleaved coronal slices,
covering the whole ischaemic territory, were acquired. The
total acquisition time was about 1 h.

2.3. Histochemical Õalidation

At the end of the imaging procedure the animals were
killed with an excess of halothane, the brains were re-
moved and quickly frozen in isopentane cooled with liquid

Žnitrogen for histochemical analysis. Brain slices 10 mm
. Ž .thick were made with a cryotome Leica, Germany and

stained according to Goldner’s modification of Masson’s
Ž .trichrome reaction Hould, 1984 .

2.4. Post-processing and statistics

All magnetic resonance images were transferred to a
SUN workstation. Image post-processing was performed

Ž .using software from IDL Research Systems, CO . Pure
diffusion images were obtained on a pixel to pixel basis by
dividing diffusion-weighted and T -weighted images. The2

effect of eliprodil treatment as a function of time was
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assessed by determining, on each slice, the surface of the
hyperintense area calculated from diffusion images and
attributed to the ischaemic insult. The total ischaemic

Ž .volume V t was estimated as the sum of the hyperintensei
Ž .surfaces S js1–10 times the slice thickness, delineatedj

manually as regions of interest at each time point and for
each image. The hyperintense surface area of the cortex
was delineated manually on coronal slices and with com-

Žparison with the stereotaxic atlas of the rat Paxinos and
.Watson, 1982 . The subcortical volume was calculated as

the difference between the total and the cortical volumes.
The statistical significance of differences was calculated

Ž .by a multiple analysis of variance MANOVA for re-
Ž .peated measures, using SPSSrWINq SPSS, 6.1.3 . The

repeated measures were the volumes at each time point
while the treatment regimens were used as groups. The
analysis was performed twice, using either the control or
the placebo animals as reference for the contrast compari-
son. The level of statistical significance was chosen at
P-0.05 and the test was one-sided.

3. Results

3.1. Validation of the MR images

Fig. 1 shows, 7 h after the occlusion of the middle
cerebral artery, the hyperintense signals observed on the
coronal magnetic resonance image of a control animal
Ž . Ž .Fig. 1a and of an animal injected with eliprodil Fig. 1c .

The magnetic resonance images were similar to those
obtained after histochemical staining from the same ani-

Ž .mals Fig. 1b and d .

3.2. Volume of the ischaemic insult

Reduction of the total ischaemic volume was observed
Ž .at each time point after injection of the drug ns8 ,

Ž . Žwhether compared to placebo ns10 or to control ns
. Ž .10 animals Fig. 2 . One hour after the occlusion of the

artery, the total ischaemic volume in the eliprodil-treated
animals was reduced by 56% and 45%, respectively, when
compared to the placebo animals and to the controls
Ž 3 318.9"4.2 mm vs. 42.9"14.0 mm and vs. 34.4"8.5

3 .mm ; mean"S.E.M. . Seven hours after occlusion of the
middle cerebral artery, the effect persisted at 60% and

Ž 3 349%, respectively 53.4"15.6 mm vs. 134.8"38.4 mm
3 .in the placebos and vs. 104.7"25.2 mm in the controls .

When the statistical analysis was performed with
MANOVA for repeated measurements, a significant differ-
ence for the evolution of the total ischaemic volume in
treated and in placebo animals was found at all time points
Ž .0.03-P-0.05 with the exception of the 3rd hour post-

Ž .occlusion Ps0.06 . A statistically significant difference
was found between treated and control animals from 3 to 5

Ž .h post-occlusion P-0.05 .
The ischaemic volume in the cortex of the eliprodil-

treated animals, 1 h after artery occlusion, was reduced by
93% and 90%, respectively, when compared to placebo

Ž 3animals and to controls 0.8"0.3 vs. 11.4"4.8 mm and

Ž .Fig. 1. Comparison between diffusion magnetic resonance images and histochemical staining. a Pure diffusion coronal image of a control animal showing
Ž .a hyperintense signal corresponding to the occluded territory of the middle cerebral artery, 7 h after occlusion; c Similar coronal image in an

Ž . Ž . Ž .eliprodil-injected animal; b Goldner’s trichrome staining on a corresponding coronal section of the same animal shown in a ; d Goldner’s trichrome
Ž .staining on a corresponding coronal section of the same animal shown in c . Magnification=10.
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Ž .Fig. 2. Effect of eliprodil 1 mgrkg, i.v. on the evolution of the magnetic resonance hyperintensities attributed to the global ischemic volumes. The results
Ž . Ž . Ž .are presented as means"S.E.M. The significance, determined by MANOVA, is shown by the asterisks P-0.05 . Symbols: B placebo, ' control,

Ž .v eliprodil-injected animals.

3 . Ž .vs. 8.3"4.7 mm ; mean"S.E.M. Fig. 3 . Seven hours
after the occlusion, the effect persisted at 85% and 78%,

Ž 3 3respectively 9.4"4.1 mm vs. 64.4"26.0 mm in the
3 .placebos and vs. 42.5"14.9 mm in the controls . Using

MANOVA, a significant difference in the evolution of the
ischaemic volume was found at all time points between the
treated and the placebo groups, and from the 3rd to the 7th
hour post-occlusion between treated and control animals.

The subcortical ischaemic volume in the eliprodil-treated
Ž .group Fig. 4 was reduced by 43% and 31%, respectively,

when compared to the placebo and the control animals 1 h
Žafter middle cerebral artery occlusion 18.0"4.0 vs. 31.6

3 3 ."7.3 mm and vs. 26.2"7.1 mm ; mean"S.E.M. and
by 37% and 36%, respectively, 7 h after the artery occlu-

Ž 3sion 44.0"11.6 vs. 70.5"14.0 mm and vs. 68.9"14.3
3.mm . No statistically significant difference in size of the

Ž .Fig. 3. Effect of eliprodil 1 mgrkg, i.v. on the evolution of the magnetic resonance hyperintensities attributed to the cortical ischemic volumes. The
Ž . Ž . Ž .results are presented as means"S.E.M. The significance, determined by MANOVA, is shown by the asterisks P-0.05 . Symbols: B placebo, '

Ž .control, v eliprodil injected animals.
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Ž .Fig. 4. Effect of eliprodil 1 mgrkg, i.v. on the evolution of the magnetic resonance hyperintensities attributed to the subcortical ischemic volumes. The
Ž . Ž . Ž .results are presented as means"S.E.M. Symbols: B placebo, ' control, v eliprodil-injected animals.

subcortical ischaemic volumes between treated and either
of the untreated groups was found on MANOVA.

4. Discussion

The present data indicate that, in a focal irreversible
ischaemia model, eliprodil decreased the total volume of
infarction, as determined by the reduction in the volume of
diffusion abnormalities. One hour after the occlusion of the
middle cerebral artery, comparison of the infarction vol-
ume between animals treated with the drug and either the
placebo or the control groups indicated a possible neuro-
protective effect of this NMDA receptor antagonist, as

Ž .previously suggested Gotti et al., 1988 . Multiple Analysis
Ž .Of Variance MANOVA revealed that the evolution with

time of the ischaemic volume was significantly different in
treated animals and in placebo or control animals as
regards to total volume and, particularly, cortical is-
chaemic volume. It has to be stressed that for the time
points for which the difference between the treated and
untreated groups did not reach statistical significance, the
P value was less than 0.1. However, it is likely that the
small sample size and the important variability in the
development of infarction were responsible for a reduction
of the statistical power.

In spite of the variability, the sequential magnetic reso-
nance images obtained in this study allowed us to follow
the effect of the drug during the whole experimental period
and to observe that the efficacy of a single injection of
eliprodil appeared as soon as the 1st hour and persisted
during the 7 h of the experiment.

The data correlate well with those from other reports
Ž .showing that blockade of the glutamate receptor s of the

NMDA or the a-amino-3-hydroxy-5-methyl-4-isoxazole
Ž .propionate AMPA type results in reduction of the is-

chaemic insult. Non-competitive NMDA receptor antago-
nists such as ifenprodil, its derivative, eliprodil, and MK-
801 were shown in some reports to be effective to reduce

Žthe cytotoxic oedema Gotti et al., 1988; Duval et al., 1992
.and Lo et al., 1994, respectively . These compounds have

different sites of action, the chloride channel in the case of
Ž .MK-801 Gill et al., 1996 and the polyamine site for

Ž .eliprodil and ifenprodil Carter et al., 1988, 1990 . Other
experimental compounds, competitive antagonists of the
NMDA receptor, have been studied in various ischaemic

w xmodels. These compounds, R -4-oxo-5-phosphonorvaline
Ž . ŽMDL-100453; Hasegawa et al., 1994 , CPP Boast et al.,

.1988 , D-E-2-amino-4-methyl-5-phosphono-3-pentenoic
Ž . Žacid CGP 40116; Sauer et al., 1993 , CGS 19755 Simon

. Ž . Žand Shiraishi, 1990 , 2 R,4R,5S- 2-amino -4,5- 1,2-cyclo-
. Žhexyl -7-phosphonoheptanoic acid NPC 17742; Nishikawa

.et al., 1994 , all have comparable pharmacological effects
upon the size of the ischaemic oedema.

It appears, moreover, that the main effect of NMDA
receptor antagonists, as shown for MK 801 in particular,
may be directed to modulation of the still functioning
vasculature in the ischaemic peripheral territory as sug-

Žgested by an increased regional cerebral blood flow Rous-
.sel et al., 1992; Torregrosa et al., 1994 . Comparatively,

antagonists of the AMPArkainate receptor, such as 2,3-di-
Ž . Ž .hydroxy-6-nitro-7-sulfamoylbenzol F quinoxaline NBQX

Ž .and the benzodiazepine derivative, 1- 4-aminophenyl -4-
methyl-7,8-methylene-dioxy-5H-2,3-benzodiazepine hy-

Ž .drochloride GYKI 5246 , have been shown to be effective
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Ž12–24 h after global Buchan et al., 1991; Le Peillet et al.,
. Ž1992 and focal Gill et al., 1992; Smith and Meldrum,

.1992; Xue et al., 1994 ischaemia without a negative
influence upon blood flow.

Discussion of the present results should consider the
possibility of a preferential topographical site of action for
eliprodil. Previous results have shown that, in this type of
ischaemic model, NMDA receptor antagonists may act
more efficiently upon the cortical portion of the ischaemic

Ž .lesion Lo et al., 1994; Gill et al., 1996 . Two patterns of
ischaemic development were observed in the present ex-
periments in the placebo and control groups: some animals

Ž .developed global subcortical and cortical infarction and
others had a limited subcortical infarction only. This out-
come was unpredictable under the present experimental
conditions, but certainly is sufficient explanation for the
variability of the model. The difference in the significance
level of eliprodil action on the ischaemic volumes mea-
sured in the cortical and in the subcortical areas indicates
that the effect of the NMDA receptor antagonist was more
important in the cortex. It also suggests that the persistence
of a residual blood flow, probably due to arterial anasto-
mosis andror collateral recruitment, delayed the occur-
rence and lessened the severity of the ischaemic process,
giving more opportunities for drug intervention. It should
also be emphasized that, in this experimental model, the
ischaemic insult first appears subcortically at the striatal
level and eventually reaches the cortex in both antero-post-
erior directions. The action of a neuroprotective agent in
the later reached cortex should thus be expected to be
more effective.

Acknowledgements

The research was funded with the support of the Region´
ŽRhone-Alpes and the EU BIOMED II programme, PLˆ

.950861 . We warmly thank Dr. Chantal Delon-Martin for
valued assistance with the post-processing of the data and

Ž .Dr. Jean-Pierre Nowicki Synthelabo, Bagneux, France´
for the gift of eliprodil. D.I. and H.S. have been granted

´financial support from the Ministere de l’Education Na-`
tionale, de l’Enseignement Superieur et de la Recherche.´

References

Benveniste, H., Heclund, L., Johnson, G., 1992. Mechanism of detection
of acute cerebral ischaemia in rats by diffusion-weighted magnetic
resonance microscopy. Stroke 23, 746–754.

Boast, C., Gerhardt, S., Pastor, G., 1988. The N-methyl-D-aspartate
antagonists CGS 19755 and CPP reduce ischaemic brain damage in
gerbils. Brain Res. 442, 345–352.

Buchan, A., Li, H., Cho, S., Pulsinelli, W., 1991. Blockade of the AMPA
receptor prevents CA1 hippocampal injury following severe but tran-
sient forebrain ischaemia in adult rats. Neuroscience 132, 255–261.

Carney, J., Tatsuno, T., Floyd, R., 1992. The role of oxygen radicals in
ischaemic brain damage: free radical production, protein oxidation

and tissue dysfunction. In: Krieglstein, J., Oberpichler-Schwenk, H.
Ž .Eds. , Pharmacology of Cerebral Ischaemia. Wissenschaftliche Ver-
lagsGesellschaft, Stuttgart, pp. 321–331.

Carter, C., Benavides, J., Legendre, P., Vincent, J., Noel, F., Thuret, F.,
Lloyd, K., Arbilla, S., Zivkovic, B., MacKenzie, E., Scatton, B.,
Langer, S., 1988. Ifenprodil and SL 82.0715 as cerebral anti-ischaemic
agents: II. Evidence for N-methyl-D-aspartate receptor antagonist
properties. J. Pharmacol. Exp. Ther. 247, 1222–1232.

Carter, C., Lloyd, K., Zivkovic, B., Scatton, B., 1990. Ifenprodil and SL
82.0715 as cerebral anti-ischaemic agents: III. Evidence for ant-
agonistic effects at the polyamine modulatory site within the N-
methyl-D-aspartate receptor complex. J. Pharmacol. Exp. Ther. 253,
475–482.

Dempsey, R., Roy, M., Meyer, K., Tai, H., Olson, J., 1985. Polyamine
and prostaglandin markers in focal cerebral ischaemia. Neurosurgery
17, 635–640.

Dempsey, R., Roy, M., Cowen, D., Combs, D., 1988. Polyamine inhibi-
tion preserves somatosensory evoked potential activity after transient
cerebral ischaemia. Neurol. Res. 10, 141–144.

Duval, D., Roome, N., Gauffeny, C., Nowicki, J., Scatton, B., 1992. SL
82.0715, an NMDA antagonist acting at the polyamine site, does not
induce neurotoxic effects on rat cortical neurons. Neurosci. Lett. 137,
193–197.

Elger, B., Seega, J., Raschack, M., 1994. Oedema reduction by leve-
mopamil in focal cerebral ischaemia of spontaneously hypertensive
rats studied by magnetic resonance imaging. Eur. J. Pharmacol. 254,
65–71.

Finelli, D., Hopkins, A., Selman, W., Crumrine, R., Bhatti, S., Lust, W.,
1992. Evaluation of experimental early acute cerebral development of
oedema: use of dynamic contrast-enhanced and diffusion-weighted
MR scanning. Magn. Reson. Med. 27, 189–197.

Gill, R., Nordholm, L., Lodge, D., 1992. The neuroprotective actions of
Ž . Ž .2,3-dihydroxy-6-nitro-7-sulfamoylbenzo F quinoxaline NBQX in a

rat focal ischaemia model. Brain Res. 580, 35–41.
Gill, R., Sibson, N., Maskell, L., Carpenter, T., Hall, L., Pickard, J.,

1996. The protective effect of MK-801 on infarct development over a
period of 24 h as assessed by diffusion-weighted magnetic resonance
imaging. NMR Biomed. 9, 241–253.

Gotti, B., Duverger, D., Bertin, J., Carter, C., Dupont, R., Frost, J.,
Gaudilliere, B., MacKenzie, E., Rousseau, J., Scatton, B., Wick, A.,
1988. Ifenprodil and SL 82.0715 as cerebral anti-ischaemic agents: I.
Evidence for efficacy in models of focal cerebral ischaemia. J.
Pharmacol. Exp. Ther. 247, 1211–1221.

Hara, H., Sukamoto, T., Kogure, K., 1993. Mechanism and pathogenesis
of ischaemia-induced neuronal damage. Prog. Neurobiol. 40, 645–670.

Hasegawa, Y., Fisher, M., Baron, B., Metcalf, G., 1994. The competitive
NMDA antagonist MDL-100, 453 reduces infarct size after experi-
mental stroke. Stroke 25, 1241–1246.

Hoehn-Berlage, M., 1995. Diffusion-weighted NMR imaging: application
to experimental focal cerebral ischaemia. NMR Biomed. 8, 345–358.

Hossmann, K., 1996. Excitotoxic mechanisms in focal ischaemia. In:
Ž .Siesjo, B., Wieloch, T., Eds. , Advances in Neurology. Lippincott–¨

Raven, New York, NY, pp. 69–74.
Hossmann, K., Fischer, M., Bockhorst, K., Hoehn-Berlage, M., 1994.

NMR imaging of the apparent diffusion coefficient ADC for the
evaluation of metabolic suppression and recovery after prolonged
cerebral ischaemia. J. Cereb. Blood Flow Metab. 14, 723–731.

Hould, R., 1984. Techniques d’histopathologie et de cytopathologie.
Maloine, Paris.

Kirino, T., 1982. Delayed neuronal death in gerbil hippocampus follow-
ing ischaemia. Brain Res. 239, 57–69.

Koizumi, J., Yoshida, Y., Nakazawa, T., Ooneda, G., 1986. Experimental
studies of ischaemic brain oedema: 1. A new experimental model of
cerebral embolism in rats in which recirculation can be introduced in
the ischaemic area. Jpn. J. Stroke 8, 1–8.

Le Bars, E., Roussel, S., Remy, C., Loubinoux, I., Devoulon, P., Meric,´ ´
P., Pinard, E., Dupeyre, R., Decorps, M., Massarelli, R., 1996.´



( )D. Ibarrola et al.rEuropean Journal of Pharmacology 352 1998 29–35 35

Delayed progression of cytotoxic oedema in focal cerebral ischaemia
after treatment with a torasemide derivate: a diffusion-weighted mag-
netic resonance imaging study. Neurosci. Lett. 213, 123–126.

Le Peillet, E., Arvin, B., Moncada, C., Meldrum, B., 1992. The non-
NMDA antagonists, NBQX and GYKI 52466, protect against cortical
and striatal cell loss following transient global ischaemia in the rat.
Brain Res. 571, 115–120.

Lo, E., Matsumoto, K., Pierce, A., Garido, L., Luttinger, D., 1994.
Pharmacologic reversal of acute changes in diffusion-weighted mag-
netic resonance imaging in focal cerebral ischaemia. J. Cereb. Blood
Flow Metab. 14, 597–603.

Miller, R., Broorson, J., Bleakman, D., Chard, P., 1992. Glutamate
receptors in the regulation of neuronal Ca2q. In: Krieglstein, J.,

Ž .Oberpichler-Schwenk, H. Eds. , Pharmacology of Cerebral Is-
chaemia. Wissenschaftliche VerlagsGesellschaft, Stuttgart, pp. 3–11.

Mintorovitch, J., Moseley, M., Chileuitt, L., Shimizu, H., Cohen, Y.,
Weinstein, P., 1991. Comparison of diffusion- and T -weighted MRI2

for the early detection of cerebral ischaemia and reperfusion in rats.
Magn. Reson. Med. 18, 39–50.

Moseley, M., Cohen, Y., Mintorovitch, J., Chileuitt, L., Shimizu, H.,
Kucharczyk, J., Wendland, M., Weinstein, P., 1990. Early detection
of cerebral ischaemia in cats: comparison of diffusion and T -weighted2

MRI and spectroscopy. Magn. Reson. Med. 14, 330–346.
Muller, T., Haraldseth, O., Jones, R., Sebastiani, G., Lindboe, C., Un-¨

sgard, G., Oksendal, A., 1995. Perfusion and diffusion-weighted MR
imaging for in vivo evaluation of treatment with U74389G in a rat
stroke model. Stroke 26, 1453–1458.

Nishikawa, T., Kirsch, J., Koehler, R., Miyabe, M., Traytsman, R., 1994.
Competitive N-methyl-D-aspartate receptor blockade reduces brain
injury following transient focal ischaemia in cats. Stroke 25, 2258–
2264.

Paschen, W., 1992. Polyamine metabolism in reversible cerebral is-
chaemia. Cerebrovasc. Brain Metab. Rev. 4, 59–88.

Paxinos, G., Watson, C., 1982. The Rat Brain in Stereotaxic Coordinates.
Academic Press, San Diego, CA.

Perez-Trepichio, A., Xue, M., Thian, C., Majors, A., Furlan, A., Awad,
I., Jones, S., 1995. Sensitivity of magnetic resonance diffusion-

weighted imaging and regional relationship between the apparent
diffusion coefficient and cerebral blood flow in rat focal cerebral
ischaemia. Stroke 26, 667–675.

Roussel, S., Pinard, E., Seylaz, J., 1992. The acute effects of MK-801 on
cerebral blood flow and tissue partial pressures of oxygen and carbon
dioxide in conscious and alpha-chloralose anaesthetised rats. Neuro-
science 47, 959–965.

Roussel, S., Van Bruggen, N., King, M., Houseman, J., Williams, S.,
Gadian, D., 1994. Monitoring the initial expansion of focal ischaemic
changes by diffusion weighted magnetic resonance imaging using a
remote controlled method of occlusion. NMR Biomed. 7, 21–28.

Sauer, D., Allegrini, P., Cosenti, A., Pataki, A., Amacker, H., Fagg, G.,
1993. Characterization of the cerebroprotective efficacy of the com-
petitive NMDA receptor antagonist CGP40116 in a rat model of focal
cerebral ischaemia: an in vivo magnetic resonance imaging study. J.
Cereb. Blood Flow Metab. 13, 596–602.

Sevick, R., Kanda, F., Mintorovitch, J., Arieff, A., Kucharczyk, J.,
Tsuruda, J., Norman, D., Moseley, M., 1992. Cytotoxic brain oedema:
assessment with diffusion-weighted MR imaging. Radiology 185,
687–690.

Siesjo, B., 1992a. Pathophysiology and treatment of focal cerebral is-¨
chaemia: Part I. Pathophysiology. J. Neurosurg. 77, 169–184.

Siesjo, B., 1992b. Pathophysiology and treatment of focal cerebral is-¨
chaemia: Part II. Mechanisms of damage and treatment. J. Neurosurg.
77, 337–354.

Simon, R., Shiraishi, K., 1990. N-methyl-D-aspartate antagonist reduces
stroke size and glucose metabolism. Ann. Neurol. 27, 606–612.

Smith, S., Meldrum, B., 1992. Cerebroprotective effect of a non-N-
methyl-D-aspartate antagonist, GYKI 52466, after focal ischaemia.
Stroke 23, 861–864.

Torregrosa, G., Salom, J., Jover, T., Alabadi, J., Miranda, F., Alborch, E.,
1994. Evidence of a direct constrictor action of MK-801 and its
modulation by the endothelium in cerebral arteries. J. Vasc. Res. 31,
211–229.

Xue, D., Huang, Z., Barnes, K., Lesiuk, H., Smith, K., Buchan, A., 1994.
Delayed treatment with AMPA, but not NMDA, antagonists reduces
neocortical infarction. J. Cereb. Blood Flow Metab. 14, 251–261.


