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NMDA receptor antagonism, but not AMPA receptor antagonism
attenuates induced ischaemic tolerance in the gerbil hippocampus
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Abstract

Recent studies have shown that a brief ‘ pre-conditioning’ ischaemic insult reduces the hippocampal cell death caused by a subsequent
more severe test insult. In the present studies, we have examined the effects of the non-competitive NMDA receptor antagonist
((5R,109)-(+ )-5-methyl-10,11-dihydro-5H-dibenzd| a,d]cyclohepten-5,10-imine, MK-801) a competitive NMDA receptor antagonist,
LY202157, AMPA receptor antagonist ((3S4aR,6R,8aR)-6-[2-(1(2) H-tetrazole-5-yl)]decahydroisoquinoline-3-carboxylic  acid,
LY 293558), a non-competitive AMPA receptor antagonist ((—)-1-(4-amino-phenyl)-4-methyl-7,8-methylenedioxy-4,5-dihydro-3-acetyl-
2,3-benzodiazepine, LY 300164), and a mixed NMDA /AMPA receptor antagonist, LY 246492, in a gerbil model of ischaemic tolerance.
Ischaemic tolerance was induced by subjecting gerbils to a 2-min ‘ pre-conditioning’ ischaemia (bilateral carotid occlusion) 2 days prior to
a 3-min test ischaemia. The effects of MK-801 (2 mg/kg i.p.), LY 293558 (20 mg/kg i.p., followed by 4 X 10 mg/kg at 3 h intervals),
LY300164 (4 x 10 mg/kg i.p. a 1 h intervals), LY 246492 (40 mg/kg i.p., followed by 4 X 20 mg/kg i.p. a 3 h intervals) and
LY 202157 (30 mg/kg i.p., followed by 4 X 15 mg/kg i.p. a 2 h intervals) were then examined in this model. Initia dosing commenced
30 min prior to the 2-min * pre-conditioning’ ischaemia. Results indicated that a 2-min ‘ pre-conditioning’ ischaemia produced ischaemic
tolerance in all cases. The non-competitive NMDA receptor antagonist, MK-801, produced a significant (P < 0.01) reduction in the
induced tolerance, while the competitive NMDA receptor antagonist, LY 202157, also attenuated (P < 0.05) the induction of tolerance. In
contrast, two AMPA receptor antagonists (LY 293558 and LY 300164) and a mixed NMDA /AMPA receptor antagonist (LY 246492) had
no effect on the induction of tolerance. These results suggest that NMDA receptor activation, but not AMPA receptor activation is

involved in the phenomenon of ischaemic tolerance. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Transient global cerebral ischaemia in gerbils produces
a selective pattern of neuronal damage (Kirino, 1982;
Kirino and Sano, 1984; Crain et a., 1988). Five minutes of
bilateral carotid artery occlusion produces severe damage
in the CA1 pyramidal cell layer of the hippocampus
(Kirino and Sano, 1984). The damage in the CA1 pyrami-
dal cells develops slowly, starting 2 days after occlusion,
with almost total destruction of the cells being observed 4
days post-occlusion. This phenomenon has been termed
‘delayed neuronal death’ (Kirino, 1982). The exact mecha
nisms of damage remain to be fully elucidated, but severa
mechanisms (activation of voltage-gated calcium channels,
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excitotoxicity, free radicals, mitochondria and apoptosis)
appear to be involved (Boxer and Bigge, 1997; Del Zoppo
et a., 1997). The excessive increase of glutamate in the
synaptic cleft following ischaemia is thought to play a
critical role in the development of neuronal damage
(Butcher et al., 1990). Several studies have indicated that
many compounds acting at excitatory amino acid receptors
have beneficia effects against cerebral ischaemia (Park et
al., 1988, 1992; Bullock et a., 1990, 1994; Sheardown et
al., 1990). Many of the early studies demonstrated that
NMDA receptor antagonists are neuroprotective in animal
models of globa and focal cerebral ischagmia (Simon et
al., 1984; Park et al., 1988, 1992; McCulloch, 1992). Other
studies have focused on the neuroprotective actions of
AMPA receptor antagonists in animal models of global
(Sheardown et al., 1990, 1993; Lodge et al., 1996; O’ N«ill
et a., 1998) and focal (Bullock et al., 1994; Gill, 1994;
Gill and Lodge, 1995; Gill et d., 1992; Graham et 4.,

0014-2999,/99/$ - see front matter © 1999 Elsevier Science B.V. All rights reserved.

Pll: S0014-2999(99)00523-3



92 A. Bond et al. / European Journal of Pharmacology 380 (1999) 91-99

1996; Yatsugi et d., 1996; Shimizu-Sasamata et al., 1998)
cerebral ischaemia

In 1991, Kirino et al. reported that a 2-min ‘ pre-condi-
tioning’ occlusion, 2 days prior to a 5-min occlusion, led
to a significant reduction in hippocampal cell loss com-
pared with animals subjected to 5-min ischaemia alone.
The authors also reported that this brief ischaemia caused
an increased in 70 kDa heat shock protein and that this
may render the neurones more tolerant to subsequent
metabolic stress (Kirino et a., 1991). More recent studies
have indicated that this tolerance is lost if the second
ischaemia is carried out 4 weeks after the first brief
ischaemia (Chen et al., 1994). However, if a second * pre-
conditioning’ ischaemia is carried out before the second
5-min ischaemia, at 4 weeks, the neurones are protected
indicating that ischaemic tolerance can be induced repeat-
edly in gerbil hippocampal neurones (Chen et al., 1994).
Other studies have shown that transient forebrain is-
chaemia also protects against subsequent focal cerebral
ischaemia in rats (Matsushima and Hakim, 1994).

The mechanism of this induced tolerance is not clear,
but brief periods of ischaemia alter gene expression and
protein synthesis. Several studies have indicated an in-
crease in heat shock proteins (Kirino et al., 1991) and
other studies have shown regiona increases in apoptotic
gene expression (Chen et al., 1996). Further studies have
reported that (5R,10S5)-(+)-5-methyl-10,11-dihydro-5H-
dibenza| a, d]cyclohepten-5,10-imine (MK-801) attenuates
the production of HSP-72 in the CA1 neurones and in-
hibits the induction of tolerance to ischaemia in the gerbil
(Kato et a., 1992). However, the same study reported that
anisomysin (a protein synthesis inhibitor) reduced HSP-72
synthesis, but failed to inhibit the induction of tolerance.

We wanted to further evaluate the role of NMDA
receptor blockade on induced ischaemic tolerance and
investigate if AMPA receptor antagonists, which provide
greater protection in global ischaemia, also inhibited the
induction of tolerance at neuroprotective doses. Therefore,
in the present studies, we have examined the effects of a
non-competitive NMDA receptor antagonist (MK-801), a
competitive NMDA receptor antagonist (LY202157), a
non-competitive AMPA receptor antagonist ((—)-1-(4-

Table 1

amino-phenyl) - 4-methyl-7,8-methylenedioxy-4,5-dihydro-
3-acetyl-2,3-benzodiazepine, LY300164), a competitive
AMPA receptor antagonist ((3S4aR,6R,8aR)-6-[2-
(1(2) H-tetrazol e-5-yl)]decahydroi soquinoline-3-carboxylic
acid, LY293558) and a mixed NMDA /AMPA rece-t6r
antagonist (LY246492) in a gerbil model of ischaemic
tolerance.

2. Materials and methods
2.1. Animals and surgery

Male Mongolian gerbils (Bantin and Kingman), weigh-
ing in excess of 60 g were used. The animals were
maintained in standard lighting conditions and food and
water were available ad libitum. The animals were anaes-
thetised with a 5% halothane/oxygen mixture and main-
tained using 2% halothane delivered with oxygen at 2
| /min via a face mask throughout the operation. Through a
midline cervical incision, both common carotid arteries
were exposed and freed from surrounding connective tis-
sue. In animals to be rendered ischaemic, both common
carotid arteries were clamped for 2 min. At the end of the
occlusion period, blood flow was re-established. In sham
operated animals, the arteries were exposed but not oc-
cluded. The wound was then sutured and the animals
allowed to recover. Throughout surgery body temperature
was maintained at 37°C using a temperature controller /
heating pad. After surgery the animals were placed in a
four compartment thermacage (Beta Medical and Scien-
tific, UK) which maintained the environmental temperature
at 28°C. Two days following the 2-min * pre-conditioning’
occlusion or sham-operation, animals were re-anaesthe-
tised and subjected to a 3-min occlusion under the same
conditions as above.

2.2. Histological examination
Five days later, the animals were re-anaesthetised and

perfused transcardially with 30 ml of 0.9% saline followed
by 100 ml of 10% buffered formalin solution. The brains

Illustrates neuroprotective effects AMPA and NMDA receptor antagonists in a gerbil model of global ischaemia
Compound dosing commenced 30 min prior to a 5-min period of bilateral carotid occlusion. Results are expressed as mean + S.E.M. viable cells/mm CA1
hippocampus and as mean + S.E.M. Percent neuroprotection compared to 5 min occluded control animals. Data are based on groups of 8-10 animals.

Compound Action Dose (i.p.) No. viable cells/mm % Neuroprotection
CAZ1 hippocampus

Ischaemic control - - 11+2 -

MK-801 NMDA antagonist 2mg/kg 73+8 34+12

LY202157 NMDA antagonist 40 + 4 X 20 mg/kg 229 + 15 99 + 13
30+4x15mg/kg 50+ 25 24+7

LY300164 AMPA antagonist 4% 10 mg/kg 3B+12 24+ 2

LY 293558 AMPA antagonist 20 + 4 x 10 mg/kg 132+ 29 56 + 14

LY 246492 Mixed AMPA /NMDA antagonist 40+ 4 x 20 mg/kg 86 + 22 41+ 16
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were removed and placed in 10% formalin for 3 days,
processed and embedded in paraffin wax. 5 mm coronal
sections were taken 1.5, 1.7 and 1.9 mm cauda to the
bregma in the anterior hippocampus using a sledge (Leitz
1400) microtome. The dlices were stained with haema-
toxylin and eosin and the neuronal density in the CAl
subfield of the hippocampus was measured using a micro-
scope with grid lines (0.05 mm X 0.05 mm). The neuronal
density was expressed as the number of viable cells per
mm CA1 hippocampus. Statistical analysis of histological

data was assessed using ANOVA followed by Student’s
t-test with Bonferroni corrections and P-values < 0.05
were considered statistically significant.

2.3. Drug administration

LY 293558 (20 mg,/kg i.p., followed by 4 X 10 mg/kg
i.p. a 3 hintervals), LY300164 (10 mg/kgi.p.x 4 a 1 h
intervals), LY202157 (30 mg/kg i.p., followed by four
doses of 15 mg/kg i.p. at 2 h intervals), LY 246492 (40
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Fig. 1. (A and B) Effect of MK-801, LY 293558 and LY 300164 on induced ischaemic tolerance in the gerbil hippocampus (stereotaxic level 1.7 mm caudal
to bregma). The bars from I€ft to right represent mean + S.E.M. (n = 8) of the number of viable CA1 pyramidal cells following (i) sham occlusion, (ii) a
‘ pre-conditioning’ 2-min ischaemia alone, (iii) a 3-min test ischaemia alone, (iv) a 2-min ischaemia followed 2 days later by a 3-min ischaemia (tolerance),
(v) and (vi) drug pretreatment prior to the 2-min * pre-conditioning’ ischaemia, followed 2 days later by a 3-min ischaemia (no drugs). MK-801 was dosed
at 2 mg/kg i.p. and produced a significant reduction (P < 0.01) in the induced tolerance (A). LY 293558 at 20 mg/kg i.p., followed by four doses of 10
mg,/kg i.p. (A) and LY 300164 at four doses of 10 mg/kg i.p. (B) had no significant effect on the induced tolerance.
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Fig. 2. Effect of LY 246492 on induced ischaemic tolerance in the gerbil hippocampus (stereotaxic level 1.7 mm caudal to bregma). The bars from left to
right represent mean + S.EE.M. (n=10) of the number of viable CA1 pyramidal cells following (i) sham occlusion, (ii) a ‘pre-conditioning’ 2-min
ischaemia alone, (iii) a 3-min test ischaemia alone, (iv) a 2-min ischaemia followed 2 days later by a 3-min ischaemia (tolerance), and (v) drug
pretreatment prior to the 2 min * pre-conditioning’ ischaemia, followed 2 days later by a 3-min ischaemia (no drugs). LY 246492 was dosed at 40 mg,/kg
i.p., followed by four doses of 20 mg/kg i.p. and had no significant effect on the induced tolerance.

mg/kg i.p., followed by four doses of 20 mg/kgi.p. at 3
hintervals) and MK-801 (2 mg/kg i.p.) were administered
30 min before the 2-min * pre-conditioning’ ischaemia. The
above doses were chosen as being ‘ equi-neuroprotective’,
i.e., in previous experiments with a severe ischaemic insult
(5 min occlusion) they were each shown to provide 25%—
50% neuroprotection (Table 1).

3. Results

In the present study, we observed that gerbils subjected
to a sham operation, followed 2 days later by a 3-min test
occlusion, had significant damage in the CA1 region of the
hippocampus (Fig. 1a,b). This damage was abolished if the
3-min occlusion was preceded by a 2-min ‘ pre-condition-
ing’ occlusion instead of a sham operation (Fig. 1ab).
Administration of the ampa receptor antagonists LY 293558
(20 mg/kg i.p., followed by 4x 10 mg/kg i.p. a 3 h
intervals) or LY300164 (4 X 10 mg/kg i.p. a 1 h inter-
vals) had no effect on the induced tolerance (Fig. 1a,b). In
contrast, pretreatment with the non-competitive nmda re-
ceptor antagonist, MK-801, at a single dose of 2 mg/kg
i.p., produced a significant reduction (P < 0.001) in the
induced tolerance (Fig. 1a).

Administration of the mixed AMPA /NMDA receptor
antagonist, LY 246492 (40 mg/kg i.p., followed by 4 x 20
mg/Kkg i.p. a 3 h intervals), had no effect on the induced
tolerance (Fig. 2).

Similarly, administration of the competitive NMDA
receptor antagonist, LY 202157 (30 mg/kg i.p., followed

by 4 x 15 mg/kg i.p. a 2 h intervals), had no effect on
the induction of ischaemic tolerance (Fig. 3a). However,
when administered at 40 mg/kg i.p., followed by 4 X 20
mg/kg at 2 h intervals LY 202157 caused some attenuation
the induction of tolerance (Fig. 3b).

In all experiments, no significant difference in cell
numbers was observed between the three stereotaxic levels
in each experimental group.

4, Discussion

The pyramidal cells of the CA1 and CA2 regions of the
hippocampus are exceptionally vulnerable to periods of
global ischagmia in both animals and man (Brierley and
Graham, 1984). The Mongolian gerbil is used as a model
of global cerebral ischaemia due to the fact that the animal
has a unique cerebral circulation, lacking connections be-
tween the carotid and vertebro-basilar circulations (Levy et
al., 1975). Consequently, bilateral occlusion of the com-
mon carotid arteries results in a near complete forebrain
ischaemia and delayed damage to the CA1 region of the
hippocampus. Increases in extracellular glutamate in is
chaemiaresult in the activation of NMDA and non-NMDA
receptors. NMDA receptor activation results in the influx
of sodium and Ca* ions into the cell, while AMPA
receptor activation allows sodium, and in some cases
Ca’", entry into the cell (Boxer and Bigge, 1997). The
resulting depolarisation exacerbates Ca?* entry through
NMDA receptors and voltage-gated calcium channels. This
increase in intracellular Ca2*, along with the disruption of
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Fig. 3. (A and B) Effect of LY 202157 on induced ischaemic tolerance in the gerbil hippocampus (stereotaxic level 1.7 mm caudal to bregma). The bars
from left to right represent mean + S.E.M. (n = 8) of the number of viable CA1 pyramidal cells following (i) sham occlusion, (ii) a ‘ pre-conditioning’
2-min ischaemia alone, (iii) a 3-min test ischaemia alone, (iv) a 2-min ischaemia followed 2 days later by a 3-min ischaemia (tolerance), and (v) drug
pretreatment prior to the 2-min * pre-conditioning’ ischaemia, followed 2 days later by a 3-min ischaemia (no drugs). LY 202157 was dosed at 30 mg,/kg
i.p., followed by four doses of 15 mg/kg i.p. (A) and had no significant effect on the induced tolerance. At 40 mg/kg i.p., followed by four doses of 20
mg,/kg i.p., LY 202157 produced a significant attenuation of the induced tolerance (P < 0.05) (B).

homeostatic mechanisms for intracellular Ca?*, results in
the activation of calcium-dependent catabolic processes
leading to cell death (Boxer and Bigge, 1997). Autoradio-
graphic studies have demonstrated that the dendritic layers
of the CA1 and CA2 neurones of the rodent hippocampus
possess a high density of NMDA and AMPA receptors
(Monaghan et al., 1989).

In the present studies, we examined the neuroprotective
effects of a non-competitive (MK-801), a competitive
(LY202127) NMDA receptor antagonist, a non-competi-
tive AMPA (LY300164) and a competitive AMPA
(LY293558) receptor antagonist and found that they pro-

tect against the ischaemic induced hippocampa damage.
These results are in agreement with studies that have
shown that NMDA (Simon et a., 1984; Park et al., 1988,
1992; Bullock et a., 1990; McCulloch, 1992; Hayward et
al., 1993; Li and Buchan, 1993; Hicks et al., 1999) and
AMPA (Sheardown et al., 1990, 1993; Bullock et al.,
1994; Gill, 1994; Gill and Lodge, 1995; Gill et al., 1992;
Xue et al., 1994; Graham et al., 1996; Lodge et al., 1996;
Yatsugi et a., 1996; Kawasaki-Yatsugi et al., 1998;
Shimizu-Sasamata et al., 1998) receptor antagonists are
neuroprotective in anima models of cerebral ischaemia.
We have also previously reported protective effects with
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NMDA (Hicks et al., 1999) and AMPA receptor (Lodge et
al., 1996; O'Neill et al., 1998) antagonists in this model.
However, the side effect profile of earlier NMDA receptor
antagonists (psychomimetic, learning and memory impair-
ment) prevented clinical development of several of these
compounds (Morris et al., 1986; Koek et al., 1988). Fur-
ther studies by Olney indicated that the non-competitive
NMDA receptor antagonist (MK-801) produced vacuoles
and neuronal damage in the posterior and retrosplenia
cortex (Olney et al., 1990, 1991). Further problems (solu-
bility, dose-limiting adverse effects, attaining neuroprotec-
tive concentrations, etc.) have plagued clinical trias with
NMDA receptor antagonists in ischaemic stroke (Lees,
1997).

We carried out further studies to evaluate the effects of
neuroprotective doses of these compounds in a gerbil
model of ischaemic tolerance. In the gerbil brain, delayed
neuronal death can be reduced by ‘ pre-conditioning’ with
a short subthreshold period of ischaemia (Kirino et a.,
1991), 2 days prior to a subsequent more damaging insult.
In the present studies, we observed good tolerance in all
experiments. In the present studies, pre-treatment with the
non-competitive NMDA receptor antagonist, MK-801, re-
duced the induced ischaemic tolerance, suggesting the
involvement of NMDA receptor activation. These results
are in agreement with studies by Kato et al. (1992) which
indicated that MK-801 blocks the induction of tolerance.
This effect could be perceived to be detrimental to the
brain’s natural defence against ischaemic conditions. High
doses of the competitive NMDA receptor antagonist,
LY 202157, aso produced some attenuation of the induced
tolerance.

As mentioned earlier AMPA receptor antagonists are
another potential target for treatment of ischaemic condi-
tions. Initial studies demonstrated that quinoxaline-
diones, such as 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo-
[ f Jquinoxaline (NBQX), are neuroprotective in models of
cerebral ischaemia (Sheardown et al., 1990; Gill et al.,
1992). Further studies indicated that delayed treatment
with NBQX was neuroprotective in gerbils (Sheardown et
al., 1993) and rats (Li and Buchan, 1993). However,
earlier AMPA receptor antagonists (such as NBQX)
suffered the additional problems of low solubility and
nephrotoxicity (Xue et al., 1994). Newer AMPA receptor
antagonists, 6-(1-imidazolyl)-7-nitroquinoxaline-2,3-
(1H,4H)-dione monchydrochloride (YM90K) and the
related compound ([2.3-dioxo-7-(1 H-imidazol-1-yl)6-nitro-
1,2,3,4-tetrahydro-1-quinoxalinyl] acetic acid monohydrate
(YM872)), with better solubility have been described. Both
YMO0K and YM872 have neuroprotective effects in mod-
els of global and focal cerebral ischaemia (Yatsugi et al.,
1996; Kawasaki-Y atsugi et a., 1998; Shimizu-Sasamata et
a., 1998), but are still based on the quinoxalinedione
structure.

Recently, it has been reported that a new series of
AMPA receptor antagonists based on (3SR,4aRS6RS,

8aRS)-6-[2-(1 H-tetrazol-5-yl)-ethyl]-1,2,3,4a,5,6,7,8a-de-
cahydro-isoguinoline-3-carboxylic acid (LY215490) are
neuroprotective in arat model of foca ischaemia (Gill and
Lodge, 1995). It has also been shown that the active
isomer of LY 215490, which is LY 293558 is neuroprotec-
tive in a cat model of cerebral ischaemia (Bullock et al.,
1994). Further evaluation of these decahydroisoquinolines
structures indicated that the series contained compounds
such as LY377770, which provided greater neuroprotec-
tion than the parent compound (O’ Neill et al., 1998). The
compounds are soluble and have a good (2 h) time window
of protection suggesting these molecules could be useful
for the treatment of stroke. Furthermore, in the present, we
have demonstrated that the AMPA receptor antagonists
based on the decahydroisoquinoline (LY 293558) or 2,3-
benzodiazepine (LY 300164) structures, did not reduce the
induced tolerance, suggesting little or no AMPA receptor
involvement. This could be looked upon as a favourable
effect, i.e., the brain’s natural protective mechanisms re-
main intact. The mixed AMPA /NMDA receptor antago-
nist, LY 246492 did not block the ischaemic tolerance. This
may be because (1) in that experiment the tolerance effect
was smaller than the other experiments or (2) the com-
pound has both NMDA and AMPA activity and was
therefore tolerated at doses that only partially block NMDA
receptors. The exact mechanism by which NMDA receptor
antagonists block the induction of ischaemic tolerance
remains unclear as both NMDA and AMPA receptor an-
tagonists protect against ischaemic brain injury. It is aso
of interest to note that high doses of MK-801 induce
HSP-70 in several brain regions (in particular the posterior
cingulate and retrospenial cortex), whereas AMPA antago-
nists do not. This would suggest that HSP-70 is not
involved in the tolerance phenomena as NMDA antago-
nists would increase rather than block the tolerance. How-
ever, it has been suggested that chemical induction of
tolerance is possible and further examination of gene and
protein expression following pharmacological intervention
may help elucidate mechanisms involved and produce
chemical or pharmacological methods of inducing toler-
ance.

Another issue with the protective effects of earlier
excitatory amino acids has been the involvement of hy-
pothermia. Several studies have demonstrated that intra-
ischaemic hypothermia is neuroprotective (Busto et al.,
1987; Barone et al., 1997). Other studies have reported that
the delayed hypothermia is also protective in global and
focal cerebral ischaemia (Busto et al., 1989; Colbourne
and Corbett, 1994) and therefore delayed hypothermia
could also have effects on ischaemic tolerance. In contrast
other reports indicate that intra-ischaemic, but not post-
ischaemia hypothermia is neuroprotective (Dietrich et al.,
1993). The discovery that MK-801 caused hypothermia led
to the suggestion that MK-801 was providing neuroprotec-
tion by producing hypothermia (Buchan and Pulsinelli,
1990; Corbett et al., 1990), while others postulate that the
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protective actions of MK-801 are mediated by a small
transient hypothermia that acts synergistically with the
drug to yield neuroprotection (Hayward et al., 1993). In
fact, studies by Green et a. (1995) demonstrated that
combined hypothermia and delayed treatment with MK-801
was more effect than either alone in a rat model of global
ischaemia. Other recent studies have suggested that the
protective effect of NBQX may also be due to hypother-
mia (Nurse and Corbett, 1996). In the present studies to
monitor temperature effects rectal temperatures were mea-
sured periodically for 6 h after occlusion and the animals
were placed in four compartmental thermacages (which
maintained environmental temperatures at 28°C) immedi-
ately after surgery and remained there for a minimum of
12 h. We did not monitor brain temperature so a possible
contribution of brain temperature changes to the tolerance
cannot be totally excluded. In addition, we cannot rule out
the possibility of delayed hypothermia contributing to the
observed effects, but in al cases the animals were fully
recovered when returned to their home cages.

The cellular and molecular mechanisms underlying the
tolerance phenomenon are poorly understood, although it
has been suggested that processes such as selective gene
expression and a subsequent increase in protein synthesis
may be involved. Severa studies have shown that there is
regional induction of immediate early genes such as c-fos
and c-jun following ischaemia (Uemura et al., 1991; Ikeda
et al., 1994) and fluid percussion injury (Raghupathi et .,
1995). In addition, stress proteins, such as HSP-70, HSP-72
and HSP-27 are induced following ischaemic episodes
(Nowak, 1985; Vass et d., 1988; Kato et al., 1995a,b,c).
However, severa investigators have reported that there is
no correlation between the induction of stress proteins
(Kato et al., 1995a; Li et al., 1995) and the manifestation
of ischaemic tolerance. Instead, it appears that HSP-70,
HSP-72, glia fibrillary acidic protein (GFAP), activated
microglia, etc. may be markers of acute neuronal stress in
penumbral neurones or markers of neuronal damage (Kato
et al., 1995b; Li et al., 1995). Other possible candidates are
apoptotic related genes. For example, the apoptosis effec-
tor gene, bax, is reported to be up-regulated in the CA1
region following global cerebral ischaemia (Chen et al.,
1996). In contrast, the anti-apoptotic gene, bcl-2, is not
expressed in the CA1 region, but is expressed in CA3, a
region less susceptible to ischaemia (Chen et al., 1996).

There is also evidence for the role of glutamate in
ischaemic tolerance and it has been reported that in vitro
exposure of cerebellar granule cells to non-lethal concen-
trations of NMDA reduces susceptibility to subsegquent
lethal glutamate challenge (Marini and Paul, 1992). The
authors also demonstrated that such tolerance is blocked
by NMDA receptor antagonists. In another recent study, it
was reported that sublethal exposure of cortical cultures to
short periods of oxygen—glucose deprivation induced pre-
conditioning neuroprotection, which was blocked by the
NMDA antagonist, 3-(( D)-2-carboxypiperazin-4-yl)-pro-

pyl-1-phosphonic acid (Grabb and Choi, 1999). The toler-
ance observed in the present studies cannot be explained
by reduced excitatory amino acid release as it has been
shown that levels of excitatory amino acid are the same in
tolerant and non-tolerant animals (Nakata et al., 1993).
Kasischke et a. (1996) have reported that the NMDA
receptor antagonist, D-2-amino-5-phosphonopentanoic
(AP5), but not the AMPA receptor antagonist, 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX), reduced tolerance in
hippocampal slices when administered at the time of the
‘pre-conditioning’ hypoxia.

In conclusion, in the present studies, we have examined
the effects of NMDA receptor antagonists and AMPA
receptor antagonists in the gerbil model of ischaemic
tolerance. The non-competitive NMDA receptor antago-
nist, MK-801, significantly blocked the induction of toler-
ance, while the competitive NMDA receptor antagonist,
LY 202157 provided a partial block. In contrast, AMPA
receptor antagonists failed to block the induction of toler-
ance. Therefore, these results suggest that NM DA receptor
activation, but not AMPA receptor activation plays a role
in the induction of ischaemic tolerance. They also suggest
that AMPA receptor antagonists may be preferable as drug
candidates when repeated ischaemic episodes occur.

References

Barone, F.C., Feuerstein, G.Z., White, R.F., 1997. Brain cooling during
transient focal ischemia provides complete neuroprotection. Neurosci.
Biobehav. Rev. 21, 31-44.

Boxer, P.A., Bigge, C.F., 1997. Mechanisms of neuronal cell injury /death
and targets for drug intervention. Drug Discovery Today 2, 219-228.

Brierley, J.B., Graham, D.l., 1984. Hypoxia and vascular disorders of the
central nervous system. In: Adams, JH., Corselis, JA.N., Duchen,
L.W. (Eds.), Greenfield's Neuropathology, 4th edn. Edward Arnold,
London, pp. 125-207.

Buchan, A.M., Pulsindli, W.A., 1990. Hypothermia, but not the N-
methyl-pD-aspartate antagonist, MK-801, attenuates neuronal damage
in gerbils subjected to transient globa ischemia. J. Neurosci. 10,
311-316.

Bullock, R., Graham, D.l., Chen, M.-H., Lowe, D., McCulloch, J., 1990.
Focal cerebra ischemia in the cat: pre-treatment with a competitive
NMDA receptor antagonist, b-CPP-ene. J. Cereb. Blood Flow Metab.
10, 668—-674.

Bullock, R., Graham, D.l., Swanson, S., McCulloch, J., 1994. Neuropro-
tective effect of the AMPA receptor antagonist LY 293558 in focal
ischemia in the cat. J. Cereb. Blood Flow Metab. 14, 466—471.

Busto, R., Dietrich, W.D., Globus, M.Y.-T., Valdes, I., Scheinberg, P.,
Ginsberg, M.D., 1987. Small differences in intra-ischemic brain tem-
perature critically determine the extent of ischaemic neuronal injury.
J. Cereb. Blood Flow Metab. 7, 729-738.

Busto, R., Dietrich, W.D., Globus, M.Y.-T., Ginsberg, M.D., 1989.
Post-ischemic moderate hypothermia inhibits CA1 hippocampa is-
chemic neurona injury. Neurosci. Lett. 101, 299—-304.

Butcher, S.P., Bullock, R., Graham, D.I., McCulloch, J., 1990. Correla
tion between amino acid release and neuropathologic outcome in rat
brain following middle cerebral artery occlusion. Stroke 21, 1727—
1733.

Chen, T., Kato, H., Xiao-Hong, L., Araki, T., Itoyama, Y., Kogure, K.,



98 A. Bond et al. / European Journal of Pharmacology 380 (1999) 91-99

1994. Ischemic tolerance can be induced repeatedly in the gerbil
hippocampal neurons. Neurosci. Lett. 177, 159-161.

Chen, J,, Zhu, R.L., Nakayama, M., Kawaguchi, K., Jin, K., Stetler, RA.,
Simon, R.P., Graham, SH., 1996. Expression of the apoptosis-effec-
tor gene, bax, is up-regulated in vulnerable hippocampal CA1 neu-
rons following global ischemia. J. Neurochem. 67, 64—71.

Colbourne, F., Corbett, D., 1994. Delayed and prolonged post-ischemic
hypothermiais neuroprotectivein the gerbil. Brain Res. 654, 265-272.

Corbett, D., Evans, S., Thomas, C., Wang, D., Jones, R.A., 1990.
MK-801 reduced cerebra ischemic injury by inducing hypothermia.
Brain Res. 514, 300—304.

Crain, B.J,, Westerkam, W.D., Harrisson, A.H., Nadler, JV., 1988.
Selective neuronal death after transient forebrain ischemia in the
Mongolian gerbil. Neuroscience 27, 387—-402.

Del Zoppo, G.J., Wagner, S., Tagaya, M., 1997. Trends and future
developments in the pharmacological treatment of acute stroke. Drugs
54, 9-38.

Dietrich, W.D., Busto, R., Alonso, O., Globus, M.Y .-T., Ginsberg, M.D.,
1993. Intra-ischemic but not post-ischemic brain hypothermia protects
chronically following global forebrain ischemia in rats. J. Cereb.
Blood Flow Metab. 13, 541-549.

Gill, R., 1994. The pharmacology of «-amino-3-hydroxy-5-methyl-4-iso-
xazole propionate (AMPA)/kainate antagonists and their role in
cerebral ischaemia. Cerebrovasc. Brain Metab. Rev. 6, 225—-256.

Gill, R., Lodge, D., 1995. The neuroprotective effects of the decahydro-
isoquinoline, LY215490; a novel AMPA antagonist in focal is-
chaemia. Neuropharmacology 33, 1529-1536.

Gill, R., Nordholm, L., Lodge, D., 1992. The neuroprotective actions of
2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo( F )quinoxaline (NBQX) in a
rat focal ischemia model. Brain Res. 580, 35—43.

Grabb, M.C., Choi, D.W., 1999. Ischemic tolerance in murine cortical
cell culture: critica role for NMDA receptors. J. Neurosci. 19,
1657-1662.

Graham, SH., Chen, J, Lan, J.Q., Simon, R.P., 1996. A dose-response
study of neuroprotection using the AMPA antagonist NBQX in rat
focal cerebral ischemia. J. Pharmacol. Exp. Ther. 276, 1-4.

Green, E.J., Pazos, A.J,, Dietrich, W.D., McCabe, P.M., Schneiderman,
N., Lin, B., Busto, R., Globus, M.Y.-T., Ginsberg, M.D., 1995.
Combined post-ischemic hypothermia and delayed MK-801 treatment
attenuates neurobehavioral deficits associated with transient global
ischemiain rats. Brain Res. 701, 145-152.

Hayward, N.J., McKnight, A.T., Woodruff, G.N., 1993. Brain tempera-
ture and the neuroprotective action of enadoline and dizocilipine in
the gerbil model of global-ischemia. Eur. J. Pharmacol. 236, 247-253.

Hicks, C.A., Ward, M.A., Ragumoorthy, N., Ambler, S.J.,, Dell, C.P,,
Dobson, D., O'Neill, M.J., 1999. Evaluation of glycine site antago-
nists of the NMDA receptor in global cerebral ischaemia. Brain Res.
819, 65-74.

Ikeda, J., Nakajima, T., Oshorne, O.C., Mies, G., Nowak, T.S., 1994.
Coexpression of c-fos and hsp70 mRNAS in gerbil brain ischemia:
induction threshold, distribution and time course evaluated by in situ
hybridization. Mol. Brain Res. 26, 249-258.

Kasischke, K., Ludolph, A.C., Riepe, M.W., 1996. NMDA antagonists
reverse increased hypoxic tolerance by preceding chemical hypoxia
Neurosci. Lett. 214, 175-178.

Kato, H., Yong, L., Tsutomu, A., Kogure, K., 1992. MK-801, but not
anisomysin, inhibits the induction of tolerance to ischemia in the
gerbil hippocampus. Neurosci. Lett. 139, 118-121.

Kato, H., Araki, T., Itoyama, Y., Kogure, K., Kato, K., 1995a. An
immunohistochemical study of heat shock protein-27 in the hip-
pocampus in a gerbil model of cerebral ischemia and ischemic
tolerance. Neuroscience 1, 65—71.

Kato, H., Kogure, K., Araki, T., Itoyma, Y., 1995b. Graded expression of
immunomolecules on activated microglia in the hippocampus follow-
ing ischemia in a rat model of ischemic tolerance. Brain Res. 694,
85-93.

Kato, H., Kogure, K., Liu, X., Araki, T., Kato, K., Itoyama, Y., 1995c.

Immunohistochemical localization of the low molecular weight stress
protein HSP-27 following focal cerebral ischemia in the rat. Brain
Res. 679, 1-7.

Kawasaki-Y atsugi, S., Yatsugi, S., Takahashi, M., Toya, T., Ichiki, C.,
Shimizu-Sasamata, M., Yamaguchi, T., Minematsu, K., 1998. A
novel AMPA receptor antagonist, YM872, reduces infarct after mid-
dle cerebral artery occlusion in rats. Brain Res. 793, 39-46.

Kirino, T., 1982. Delayed neurona death in the gerbil hippocampus
following ischemia. Brain Res. 1, 494—498.

Kirino, T., Sano, K., 1984. Selective vulnerability in the gerbil hippocam-
pus following transient ischemia. Acta Neuropathol. 62, 201-208.
Kirino, T., Yoshihiko, T., Tamura, A., 1991. Induced tolerance to is-
chemia in gerbil hippocampal neurons. J. Cereb. Blood Flow Metab.

11, 299-307.

Koek, W., Woods, JH., Winger, G.D., 1988. MK-801, a proposed
non-competitive antagonist of excitatory amino acid neurotransmis-
sion, produces phencyclidine-like behavioral effects in pigeons, rats
and rhesus monkeys. J. Pharmacol. Exp. Ther. 245, 969-974.

Lees, K.R., 1997. Cerestat and other NMDA antagonists in ischemic
stroke. Neurology 49, S66—S69.

Levy, D.E., Brierley, J.B., Plum, F., 1975. Ischemic brain damage in the
gerbil in the absence of *‘ no-reflow’’. J. Neurol., Neurosurg. Psychia-
try 38, 1197-1205.

Li, H., Buchan, A.M., 1993. Treatment with an AMPA antagonist 12
hours following severe normothermic forebrain ischemia prevents
CA1 neuronal injury. J. Cereb. Blood Flow Metab. 13, 933—939.

Li, Y., Chopp, M., Zhang, Z.G., Zhang, R.L., 1995. Expression of glial
fibrillary acidic protein in areas of foca cerebral ischemia accompa
nies neuronal expression of 72-kDa heat shock protein. J. Neurol. Sci.
128, 134-142.

Lodge, D., Bond, A., O'Neill, M.J,, Hicks, C.A., Jones, M.G., 1996.
Stereosdlective effects of 2,3-benzodiazepines in vivo: electrophysiol-
ogy and neuroprotection studies. Neuropharmacology 35, 681—1688.

Marini, A.M., Paul, SM., 1992. N-Methyl-p-aspartate receptor-mediated
neuroprotection in cerebellar granule cells requires new RNA and
protein synthesis. Proc. Natl. Acad. Sci. U.S.A. 89, 6555—6559.

Matsushima, K., Hakim, A.M., 1994. Transient forebrain ischemia pro-
tects against subsequent focal cerebral ischemia without changing
cerebral perfusion. Stroke 26, 1047—-1052.

McCulloch, J., 1992. Excitatory amino acid antagonists and their poten-
tia for the treatment of ischaemic brain damage in man. Br. J. Clin.
Pharmacol. 34, 106—114.

Monaghan, D.T., Bridges, R., Cotman, C.W., 1989. The excitatory amino
acid receptors: their classes, pharmacology and distinct properties in
the function of the central nervous system. Ann. Rev. Pharmacol.
Toxicol. 29, 314-320.

Morris, R.G.M., Anderson, E., Lynch, G.S., Baudry, M., 1986. Selective
impairment of learning and blockade of long-term potentiation by an
N-methyl-p-aspartate receptor antagonist, AP5. Nature 319, 774—0776.

Nakata, N., Kato, H., Kogure, K., 1993. Effects of repeated cerebral
ischemia on extracellular amino acid concentrations measured with
intracerebral microdialysis in the gerbil hippocampus. Stroke 24,
458-463.

Nowak, T.S. Jr., 1985. Synthesis of a stress protein following transient
ischemia in the gerbil. J. Neurochem. 45, 1635-1641.

Nurse, S., Corbett, D., 1996. Neuroprotection after several days of mild,
drug-induced hypothermia. J. Cereb. Blood Flow. Metab. 16, 474—480.

Olney, JW., Labruyere, J., Price, M.T., 1990. Pathologica changes
induced in cerebrocortical neurons by phenyclidine and related drugs.
Science 244, 1360—1362.

Olney, JW., Labruyere, J, Wang, G., Wozniak, D.F., Price, M.T,,
Sesma, M.A., 1991. NMDA antagonist neurotoxicity: mechanism and
prevention. Science 254, 1515-1518.

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



A. Bond et al. / European Journal of Pharmacology 380 (1999) 91-99 99

Park, CK., Nehls, D.G., Graham, D.I., Teasdale, G.M., McCulloch, J.,
1988. Focal cerebral ischaemia in the cat: treatment with the gluta-
mate antagonist MK-801 after the induction of ischaemia. J. Cereb.
Blood Flow Metab. 8, 757-762.

Park, C.K., McCulloch, J.,, Kang, JK., Choi, C.R., 1992. Efficacy of
D-CPPene, a competitive N-methyl-D-aspartate antagonist in focal
cerebral ischemiain the rat. Neurosci. Lett. 147, 41-44.

Raghupathi, R., Welsh, F.A., Lowenstein, D.H., Gennarelli, T.A., Mcln-
tosh, T.K., 1995. Regional induction of c-fos and heat shock protein-72
mRNA following fluid-percussion brain injury in the rat. J. Cereb.
Blood Flow Metab. 15, 467—473.

Sheardown, M.J., Nielson, E.O., Hansen, A.J., Jacobsen, P., Honorg, T.,
1990. 2,3-Dihydroxy-6-nitro-7-sulfamoyl-benzo( F)quinoxaine: a
neuro-protectant for cerebral ischemia. Science 247, 571-574.

Sheardown, M.J., Suzdak, P.D., Nordholm, L., 1993. AMPA, but not
NMDA, receptor antagonism is neuroprotective in gerbil globa is-
chaemia. Eur. J. Pharmacol. 236, 347-353.

Shimizu-Sasamata, M., Kano, Rogowska, J., Wolf, G.L., Moskowitz,
M.A., 1998. YM872, a highly water-soluble AMPA receptor antago-

nist, preserves the hemodynamic penumbra and reduces brain injury
after permanent focal ischemiain rat. Stroke 29, 2141-2148.

Simon, R.P., Swan, JH., Griffiths, T., Meldrum, B.S., 1984. Blockade of
N-methyl-p-aspartate receptors may protect against ischemic damage
in the brain. Science 226, 850—852.

Uemura, Y., Kowell, N.W., Beal, M.F., 1991. Global ischemia induces
NMDA receptor-mediated c-fos expression in neurons resistant to
injury in gerbil hippocampus. Brain Res. 542, 343-347.

Vass, K., Welch, W.J., Norwak, T.S., 1988. Localisation of 70-kDa stress
protein induction in gerbil brain after ischaemia. Acta Neuropathol.
77, 128-135.

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

Yatsugi, S., Takahashi, M., Kawasaki-Y atsugi, S., Koshiya, K., Sakamoto,
S., Uematsu, D., Shimizu-Sasamata, M., 1996. Neuroprotective effect
of YM90K, a novel AMPA /kainate receptor antagonist, in focal
cerebral ischemiain cats. J. Cereb. Blood Flow Metab. 16, 959—966.



