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Abstract. Cerebral ischemia was produced by moderate compression for 30 min

of a specific brain area in the sensorimotor cortex of Sprague-Dawley rats. On day

1, that is 24 h after the transient sensorimotor compression, ischemia-exposed

animals displayed a marked focal neurological deficit documented as impaired

beam walking performance. This functional disturbance was mainly due to

contralateral fore- and hind-limb paresis. As assessed by daily beam walking tests

it was shown that there was a spontaneous recovery of motor functions over a

period of five to seven days after the ischemic event. Using histopathological

analysis (Nissl staining) we have previously reported that the present

experimental paradigm does not produce pannecrosis (tissue cavitation) despite

the highly reproducible focal neurological deficit. We now show how staining

with fluorescent markers for neuronal death, that is Fluoro-Jade and TUNEL,

respectively, identifies regional patterns of selective neuronal death. These

observations add further support to the working hypothesis that the brain damage

caused by cortical compression-induced ischemia consists of scattered,

degenerating neurons in specific brain regions. Postsurgical administration of the

AMPA receptor specific antagonist, LY326325 (30 mg/kg; i.p, 70 min after

compression), not only improved beam walking performance on day 1 to 3,

respectively but also significantly reduced the number of Fluoro-Jade stained

neurons on day 5. These results suggest that enhanced AMPA/glutamate receptor

activity is at least partially responsible for the ischemia-produced brain damage

detected by the fluorescent marker Fluoro-Jade.
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INTRODUCTION

Over the years numerous animal models have been de-

veloped to facilitate the investigation of morphological,

biochemical, and functional disturbances produced by

cerebral ischemia (for references see Kermer et al. 1999,

Lipton 1999) in attempts to mirror the conditions seen af-

ter stroke, arachnoidal haemorrhage, and head trauma in

man. Occlusion of the middle cerebral artery (MCA) has

by far been the most popular animal model for examina-

tion of focal brain ischemia, that is stroke, whereas para-

digms of global ischemia, based upon transient occlusion

of all arteries, have been used to reflect the effects of car-

diac arrest in humans. In addition, animal models of ex-

perimentally induced contusion have been generated for

the simulation of cerebral ischemia-induced events asso-

ciated with human traumatic brain injuries (for an excel-

lent overview see Lipton 1999).

In most studies of experimentally produced focal

brain ischemia, pannecrosis (infarction) in specific

brain regions concomitant with a focal neurological def-

icit are considered typical features for this type of brain

injury. Furthermore, it is largely accepted that the focal

brain damage consists not only of a core of necrotic neu-

rons, usually represented by a cavitation in the brain tis-

sue, but also of a surrounding area containing both

necrotic and apoptotic brain neurons, the so called "pen-

umbra" (for references see Heiss 2000, Obrenovitch

1995). Although many authors have noted and dis-

cussed the fact that mild cerebral ischemia, usually in-

duced by transient and short-lasting (30-60 min)

occlusion of MCA in some situations may cause "in-

complete infarction" or "selective neuronal necrosis"

(Du et al. 1996), this phenomenon, and in particular its

functional consequences, has been much less investi-

gated. However, using transient MCA occlusion, Garcia

and collaborators examined in a series of excellent stud-

ies the time course and the histopathological changes

observed after various degrees of incomplete infarction

(Garcia et al. 1995a,b, 1996, 1997). In at least one of

their studies they noted signs of subsequent motor dis-

turbances after short-lasting arterial occlusion but de-

scribed difficulties to obtain consistent findings due to

large interindividual variations and the relatively dif-

fuse pattern of motor impairments (Garcia et al. 1995b).

The phenomenon of incomplete infarction and its con-

sequences for the histopathological and neurological

outcome has recently gained renewed attention with the

increasing applicability of in vivo brain imaging tech-

niques to investigate the effects of cerebral ischemia and

to correlate the neurological disturbance with the sever-

ity of the brain injury, not only in patients (Brott et al.

1989a,b, Chua et al. 1995, Pineiro et al. 2000, Saver et

al.1999) but also in various animal models of ischemic

brain injury (Albensi et al. 2000, Bederson et al. 1986,

Grabowski et al. 1993, Li et al. 2000, Nakagawara et al.

1997, Rogers et al. 1997, Virley et al. 2000). However,

the relationship between more subtile brain injuries and

functional disturbances has, with some exceptions

(Allen et al. 2000, Alexis et al. 1996, Du et al. 1996,

Garcia et al. 1996, 1997), received rather limited atten-

tion.

Recently we described a novel animal model of cere-

bral ischemia in rats (Kundrotien� et al. 2002). This

model was developed as an attempt to examine molecular

biology, biochemical, morphological and behavioural

aspects of experimentally induced moderate cerebral

ischemia following compression of a specific brain area

in the sensorimotor cortex. We found that short-lasting

(30 min) mild compression of this specific brain area

caused a well-defined functional deficit, that is transient

(5-7 days) contralateral paresis of the fore- and hindlimbs

in Sprague-Dawley rats. Histopathological examination

using Nissl-staining indicated that the compressive

event caused selective neuronal necrosis, that is pattern

of scattered dead and/or dying neurons which were par-

ticularly concentrated to pyramidal neurons in the deep

cortical layer V, a brain area known to be of particular

importance for limb placing reactions in the rat (De

Ryck et al. 1992). On day one after the cerebral ischemic

event there was a positive correlation between the num-

ber of, by Nissl staining identified dead neurons and the

level of motor performance. However, more long-term

(that is up to 9 days) parallel examination of the magni-

tude of the brain damage and the functional recovery in-

dicated that there was a poor, and even negative

correlation between these two measures.

Given the fact that results from an increasing number

of publication indicate that both necrotic and apoptotic

cell death is involved in the development of cerebral

ischemic brain damage (Chen et al. 1997, Kuschinsky

and Gillardon 2000, Lee et al. 2000, Li et al. 1997,

Lipton 1999, Mattson et al. 2000, Portera-Cailliau et al.

1997a,b, Snider et al. 1999) we considered it of interest

to use other, more specific, markers than Nissl-staining

for the detection of neuronal cell death to characterize

further the ischemic brain injury produced by

extradural compression in the sensorimotor cortex of
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Sprague-Dawley rats. Another goal of this study was to

correlate the extent of the selective neuronal cell death

to the severity of the compression-induced focal neuro-

logical deficit, that is contralateral fore- and hind-limb

paresis documented as impaired beam walking perfor-

mance. Thus, we have in the present series of investiga-

tions identified the degeneration of brain neurons using

a novel fluorescent marker for neuronal cell death, that

is Fluoro-Jade (Allen et al. 2000, Schmued et al. 1997),

together with a more classical protocol for the identifi-

cation of presumed apoptotic cell death by in situ detec-

tion of fragmented DNA, that is TUNEL staining

(Gavrieli et al. 1992).

METHODS

Subjects

All the current experiments were approved by the

Ethical Committee for use of Animal Subjects at the

Karolinska Institutet in Stockholm, and carried out in

compliance with the local guidelines for care and use of

experimental animals. Male Sprague-Dawley rats

(weighing about 320 g) were purchased from B&K Uni-

versal (Sollentuna, Sweden) and housed in plastic cages

at the animal facilities of the Karolinska Hospital with

free access to food and water. The animals were kept un-

der conditions of constant temperature (+24
o
C) and hu-

midity (about 50%) with a 12 h light/dark cycle with the

light turned on at 7.00 a.m. There was an adaptation pe-

riod of at least 7 days prior to the start of the experi-

ments.

Beam walking and presurgical training

procedure

All animals were subjected to beam walking test. The

beam walking test was carried out as described by

Feeney et al. (1982) with some modifications

(Kundrotien� et al. 2002) in order to identify neurologi-

cal deficits due to damage of cortical areas involved in

the regulation of sensorimotor functions measured as

disturbances of fore- and hindlimb movements. All

beam walking training and test sessions were carried out

in the morning between 9 a.m. and noon. Briefly, the

beam walking performance was rated according to a 7

point rating scale based upon a modified version

(Kundrotien� et al. 2002) of the testing paradigm pre-

sented by Feeney et al. (1982): (i) the rat falls down;

(ii) the animal is unable to walk but remains

sitting/lying on the beam; (iii) the rat walks along the

beam dragging the parethic hindleg (without a firm grip

around the beam); (iv) the animal transverses the beam

and places the parethic hindleg on the horizontal surface

of the beam but is unable to retain the leg on it; (v) the rat

crosses the beam and places the affected limb on the hor-

izontal surface of the beam to support its forward loco-

motion during less than half of its total steps; (vi) the rat

crosses the beam and places the affected limb on the hor-

izontal surface of the beam to support its forward loco-

motion during more than half of its total steps; (vii) the

animal walks the beam with no more than two footslips

during the testing distance. The first postsurgical

beam-walking test was performed 24 hr after the

sensorimotor compression, that is on day 1. After day 1,

the test was repeated with 24 h intervals for up to seven

days. For more details, see Kundrotien� et al. (2002).

Surgery

Prior to surgery, the animals were weighed and anes-

thetized with a 3% isoflurane/air mixture whereafter

they were placed in a stereotaxic apparatus (David Kopf

Instruments, Tujunga, CA, USA). The flat-skull posi-

tion was achieved when the incisor bar was lowered 3.3

� 0.4 mm below horizontal zero (according to Paxinos

and Watson 1998). Anesthesia was maintained using a

specially designed ventilation chamber (originally de-

veloped by Freedman et al. 1992) through which a con-

stant flow of the isoflurane/air mixture could be

delivered. A longitudinal incision of the skin exposed

the underlying fascia and the skull. The right maseter

(temporalis) muscle was detached from the bone and its

uppermost part was held away by traction. A Plexiglass

piston (8 × 6 mm with the medial side shortened 2 mm)

was positioned over the outlined area of compression at

an angle of 20
o
. The surface of the piston was made

slightly curvilinear to fit the shape of the brain and the

edges of the piston were smoothed in order to avoid tis-

sue damage of the brain surface. The compression area

was identified over the right sensorimotor cortex ac-

cording to the following coordinates relative to bregma

and midline on the brain surface: the anterior edge 3.5

mm laterally of bregma, the posterior edge 4.5 mm pos-

terior of bregma, laterally from 0.5 mm to 6.5 mm on the

right side of midline. After the brain area of interest had

been identified and marked, the piston was temporarily

withdrawn. Using a fine drill the defined area of the
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skull was cut out, gently removed from the dura mater

and placed into a solution of sterile saline during the

time of the remaining surgery. During this procedure

particular care was taken to avoid any mechanical dam-

age to surrounding blood vessels, especially the supe-

rior sagittal sinus. Whenever subdural bleeding or

hematoma occurred (in approximately one out of 30

rats) the animal was excluded from further investiga-

tions. At this point the piston was repositioned to its

original coordinates and lowered to touch the surface of

the dura mater. Thereafter the piston was slowly low-

ered an additional 3.0 mm at the rate of 1 mm/min. Fol-

lowing this step the applied compression was kept

constant for 30 min whereafter the piston was retracted,

again at the speed of 1 mm/min. The brain surface was

inspected for the occurrence of subdural hematoma

and/or bleeding before the skull lid was returned to its

original position and the skin was sutured. The core

body temperature was monitored throughout the sur-

gery and maintained constant using a heating pad (Tem-

perature Control Unit HB 101/2; Letica Scientific

Instruments) connected to a rectal probe. Since we have

previously reported (Kundrotien� et al. 2002) that al-

ready small fluctuations in the body temperature

(>-0.5
o
C) significantly altered the magnitude of the

ischemic brain lesion, only animals showing a constant

body temperature during surgery were included in the

study.

Immunohistochemistry

Separate animal groups for behavioural test and his-

tology have been used. All animals were tested for

beam-walking task and euthanized at 3 and 5 days after

compression, respectively. Each animal was anesthe-

tized with sodium pentobarbital 60 mg/ml and

transcardially perfused with 350 ml 0.1 M phos-

phate-buffered saline (PBS) followed the same amount

of 4% paraformaldehyde in 0.1 M phosphate-buffered

saline (PBS). The brain was removed and placed in fixa-

tive at 4°C for 1 h, and subsequently cryoprotected in

10%, 20% and 30% sucrose in 0.1 M PBS. Brains were

rapidly frozen using carbon dioxide. Ten coronal sec-

tions (10 µm thick) over the compression site were cut

randomly between bregma +1.45 mm to bregma –3.05

mm according Paxinos and Watson (1998) on a freezing

microtome, mounted on Superfrost/Plus slides (Fisher

Scientific, Pittsburgh, PA) air-dried for 24 h and stored

at -20°C until processed. There were three sections

placed on each slide. Distance between the collected

sections (10 µm thick) was 25µm.

FLUORO-JADE STAINING

Degenerating neuronal somata and their processes were

detected with Fluoro-Jade (Histochem, Jefferson, AK) as

originally described by Schmued et al. (1997). Brain sec-

tions were incubated in each of the following solutions for

the time indicated: 100% alcohol, 3 min; 70% alcohol, 1

min; distilled water (H2O), 1 min; 0.06% potassium per-

manganate, 15 min; H2O, 1 min; 0.001% Fluoro-Jade in

0.09% acetic acid, 30 min; H2O, 2 × 1 min. Stained sec-

tions were allowed to dry at room temperature protected

from light. Sections were not coverslipped in order to min-

imize the background fluorescence of Fluoro-Jade. Sec-

tions were examined using an Olympus BX61TRF

microscope (Olympus Optical AB, Solna, Sweden). Mea-

surements were performed using × 5 objective in three ad-

jacent sections twice from each of 3-5 different brains per

experimental group and coronal plane.

TUNEL STAINING

Pre-staining procedures were the same as with

Fluoro-Jade. Alternating sections (n = 5 animals) were

taken for comparative Fluoro-Jade and TUNEL studies.

By alternating sections we imply that one section goes

for TUNEL and the next for Fluoro-Jade staining, etc.

There were three sections placed on each slide. 10 µm

brain sections were cut in the middle of the injured corti-

cal brain area (that is at bregma -1.30 mm according to

Paxinos and Watson 1998) on the cryostat whereafter

the TUNEL staining was carried out using the

Apoptosis Detection Kit, Fluorescein (G3250, Promega

Corp. Madison, MI, USA) in accordance to the protocol

provided by the manufacturer. In short, slides were im-

mersed in xylene after which they were hydrated

through alcohols of decreasing strength to 0.85% NaCl,

and finally rinsed with PBS. The sections were fixed in a

4% methanol-free formaldehyde solution for 15 min

and washed in PBS at room temperature. After this the

slices were exposed to 20 µg/ml Proteinase K for 8-10

min at ambient temperature, rinsed once more with

PBS, fixed in 4% methanol-free formaldehyde solution

and incubated with Equilibration Buffer (200 mM po-

tassium cacodylate, 25 mM Tris HCL, 0.2 mM

dithiotheitol (DTT), 0.25 mg/ml bovine albumin serum

(BSA), 2.5 mM CoCl; pH 6.6) for an additional 10 min
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at room temperature. Finally there was an incubation for

1 h in a dark humidity chamber at 37
o
C in 100 µl of TdT

incubation buffer whereafter the reaction was stopped

using 2 × standard sodium citrate and rinsed with PBS.

The fluorescein-12-dUTP-label DNA was visualized

using a fluorescence microscope.

Drugs and chemicals

The specific AMPA receptor antagonist, LY326325

(30 mg/kg; IP) was given 70 min after completion of the

cortical compression. LY326325 was a generous gift

from Eli Lilly & Co. (Indianapolis, IN) and was dis-

solved in prewarmed (about 37
o
C) 0.9% NaCl in a

volume of 2 ml/kg.

Statistical analysis

The differences between the groups of animals were

tested using one-way analysis of variance (ANOVA)

with a Bonferroni correction. All data are presented as

means � SEM for n animals. *P<0.05, **P<0.001 were

considered to be statistically different.

RESULTS

We have previously described how the body weight,

temperature, and age of the animals modulate the func-

tional and histopathological outcome (using Nissl stain-

ing) produced in the current model for brain ischemia

(Kundrotien� et al. 2002).

Data depicted in Fig. 1 show the beam walking per-

formance in animals with and without post-treatment

with the specific AMPA/glutamat receptor antagonist,

LY326325 (Kundrotien� et al. 2002, Schoepp et al.

1995) and demonstrate that LY326325 (30 mg/kg, IP),

given 70 min after completion of the extradural com-

pression produced a significant (one-way ANOVA with

Bonferroni correction *P<0.05 control-d1 vs. LY-d1,

control-d3 vs LY-d3, **P<0.001 control-d2 vs, LY-d2;

ncontrol = 14, nLY = 8 animals) improvement of the func-

tional recovery on day 1 to 3, whereas both groups of an-

imals had regained their beam walking performance to

the same extent on day 5 postsurgery. Animals sub-

jected to the sham operation procedure displayed no dif-

ficulties in transversing the wooden beam, evidenced by

the highest score in the beam-walking performance.

These data are in excellent agreement with our previ-

ously reported findings (Kundrotien� et al. 2002).

Figure 2 shows two typical representations of

neuronal cells stained with the fluorescent markers

Fluoro-Jade (panel A, D), or the TUNEL techniques

(panel B) and illustrates the localization of the damage

(panel C). Analyzing and comparing alternating slices

marked with Fluoro-Jade and TUNEL staining, respec-

tively, we found that both staining matched the same

cells in 80% of cases. As it was shown in our previous

studies no evidence of neuronal or glial Fluoro-Jade or

TUNEL labeling was observed in brains from intact

(n = 3 animals) control animals or from sham operated

(n = 3 animals) rat brains (Kundrotien� et al. 2004). As

can be seen, labeling cells with these two different

markers, respectively, gave an almost identical, scat-

tered pattern of stained neurons when the staining was

performed in two consecutively cut brain slices ob-

tained at the bregma –1.30 mm (according to Paxinos

and Watson 1998) from the same animal. In this context

it should again be pointed out that we found no signs of

necrosis, that is tissue cavitation, as identified by TTC

staining in these animals (data not shown).

Cells identified with the fluorescent marker,

Fluoro-Jade, were counted under a confocal microscope

in a series of ten consecutive slices from the bregma

+1.45 mm to bregma –3.05 mm (see Methods). Data
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Fig. 1. Effects of the AMPA receptor antagonist LY326325 on

neurological recovery after sensorimotor cortex compression

in rats. Postlesion treatment with LY326325 significantly im-

proved the neurological recovery. LY326325 was given 30

mg/kg IP 70 min after the ischemic insult. Shown are the means

± SEM; n1 = 14 (control group), n2 = 8 (LY326325 30 mg/kg)

animals per group and time point, respectively. *P<0.05,

**P<0.001 (one-way ANOVA with Bonferroni levels).
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Fig. 2. Characterization of the ischemic brain damage using Fluoro-Jade (panel A) and TUNEL (panel B) staining, respectively.

Note the similarity between the patterns of scattered neurons marked with Fluoro-Jade and with TUNEL staining in corre-

sponding brain areas. Schematic drawing of the injured neurons area (panel C); degenerating neurons marked with Fluoro-Jade

(panel D), magnification × 100.
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Fig. 3. Effect of the AMPA receptor antagonist LY326325 on

the number of degenerating neurons identified by

Fluoro-Jade after brain ischemia induced by compression of a

specific brain area in the sensorimotor cortex. Postlesion ad-

ministration of LY326325 (30 mg/kg, IP, 70 min after the

compression) significantly reduced the amount of

Fluoro-Jade positive cells. Shown are the means ± SEM, n1 =

3 (control group day 3), n2 = 4 (treated group day 3), n3,4 = 5

(control and treated groups day 5, respectively). (**P<0.001

control group vs. treated group, one-way ANOVA with

Bonferroni levels)
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(representing means ± SEM of three to five animals per

group) depicted in Fig. 3 shows the number of

Fluoro-Jade-positive cells obtained on day 3 and day 5

in control and treated groups, respectively, after the

ischemic event. As demonstrated, treatment with the

specific AMPA receptor antagonist caused a significant

reduction in the number of damaged cells on day 5

(**P<0.001 when control group vs. treated group;

one-way ANOVA with Bonferroni levels) postsurgery.

DISCUSSION

An important observation in the present series of in-

vestigations is that transient compression of a specific

brain area in the sensorimotor cortex produced a focal

neurological disturbance (impaired beam walking),

which was not accompanied by a major infarct (that is

tissue cavitation). Instead there was, as detected by tra-

ditional Nissl-staining, a well-defined, scattered pattern

of "selective neuronal necrosis" in specific brain struc-

tures, that is in cortical layer V, a brain area known to be

of particular importance for limb placing reactions in

the rat (De Ryck et al. 1992). These findings provide

support for the idea that a specific pattern of selective

(critically localized) neuronal cell death shows a better

correlation to the functional neurological outcome than

the previously often used assessment of infarct volume,

that is the area of necrotic brain tissue (see Introduc-

tion). Another relevant issue in this context is whether

the ischemia-produced scattered cell death gives rise to,

not only necrotic, but also apoptotic neuronal and/or

non-neuronal cell death. As a first step to approach this

question we employed two different fluorescent mark-

ers to identify ischemia-produced selective cell death in

the brain, that is staining with the relatively novel

marker of neuronal cell death, Fluoro-Jade (Schmued et

al. 1997), and the well-established TUNEL technique

(Gavrieli et al. 1992). The TUNEL protocol has previ-

ously been regarded as a useful method for the detection

of apoptotic cell death but today there is a large under-

standing that positive staining using this assay cannot be

regarded as sufficient evidence to prove or disprove the

existence of apoptotic cell death (see also below).

Fluoro-Jade is a relatively novel fluorescent marker

for the identification of cell degeneration, preferentially

brain neurons, which was originally developed by

Schmued and co-workers and shown to have a similar

sensitivity as suppressed silver staining techniques

(Schmued et al. 1997). Fluoro-Jade has since then been

successfully used for depicting neuronal death after ex-

posure to various neurotoxic agents (Eisch et al. 1998,

Freyaldenhoven et al. 1997, Hopkins et al. 2000, O’Dell

and Marshall 2000, Zuch et al. 2000), after mild brain in-

juries (Allen et al. 2000) and cerebral ischemia induced

by MCA (Pennypacker et al. 2000). Fluoro-Jade staining

detects neuronal cells, as well as their dendrites, axons

and axon terminals. There is also some recent evidence

that Fluoro-Jade shows affinity for astrocytic elements

but these observations have not been generally confirmed

(Zuch et al. 2000). Quite recently it was reported that

staining with Fluoro-Jade and TUNEL, respectively,

shows a remarkable overlap thereby suggesting that

Fluoro-Jade could be a useful marker of apoptotic cell

death following exposure to the neurotoxin

6-hydroxy-dopamine (Zuch et al. 2000). In our hands

Fluoro-Jade produced a very distinct pattern of brightly

stained neurons which was easily recognized under the

confocal microscope. The interindividual variation in

cell counts were, with exception of a few brain slices, sur-

prisingly low thereby giving highly consistent

histopathological results. In the present study damaged

cells were identified at 3 and 5 days after the ischemic

event in control (saline injected) animals and in animals

given a neuroprotective dose of the AMPA/glutamate

receptor specific antagonist, LY326325. Following the

administration of LY326325 there was a clear (~75%)

reduction in the absolute number of Fluoro-Jade stained

cells in cortex on day 5 as compared to the number of

stained cells in control animals. However, and at least to

our knowledge, there are at the present time no studies

available which would suggest that Fluoro-Jade stain-

ing alone can be used for the identification and

separation of necrotic versus apoptotic cell death, re-

spectively.

Using the well-established protocol for TUNEL

staining we obtained clear evidence supporting the idea

that this assay identified a very similar, scattered pattern

of selective cell death after cortical compression as with

Fluoro-Jade staining. Together with the previous re-

ports (for refs, see above) that there is a good correlation

between the staining with silver grain (see above) and

Fluoro-Jade, respectively, our current findings further

confirm the view that Fluoro-Jade can be used as a reli-

able marker of selective neuronal death in brain tissue.

TUNEL staining was originally regarded as a good indi-

cator for the occurrence of apoptotic cell death. Al-

though some authors strongly support this notion

(Saraste and Pulkki 2000, Zuch et al. 2000), others sug-
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gest that positive TUNEL staining does not necessarily

provide sufficient proof for the existence of apoptotic

neurons (Bicknell and Cohen 1995, Collins et al. 1992,

Grasl-Kraupp et al. 1995) unless increased TUNEL

staining is accompanied by ultrastructural changes typi-

cally associated with apoptosis (Krupinski et al. 2000,

Sugawara et al. 1999).

CONCLUSIONS

The fact that the compression-induced ischemic brain

injury was partially blocked by the specific AMPA/gluta-

mate receptor antagonist LY326325 (Kundrotien� et al.

2002, Schoepp et al. 1995) suggest that the currently ob-

served selective neuronal death at least to some extent

could be due to increased glutamate receptor activity, per-

haps due to an increased release of glutamate. Based upon

the observations that high concentrations of glutamate

produce pronounced neurotoxicity in cultured brain neu-

rons and that various classes of glutamate receptor antago-

nists act as effective neuroprotectants both in vitro and in

vivo (Doble 1999, Ikonomidou and Turski 1996, Scatton

1994), it has been suggested that glutamate plays a crucial

role in the mediation of ischemia-produced brain injury,

although the significance of an increased glutamate release

as a causative factor has recently been questioned

(Obrenovitch and Urenjak 1997). Despite the consistent

reports that experimentally induced focal brain ischemia

causes various degrees of brain injury, there is very little

direct evidence for the assumption that apoptotic cell death

is involved in ischemia-produced brain damage. In order

to resolve this issue Colbourne et al. (1999a) investigated

the mechanisms of neuronal death following global

ischemia but found no evidence of apoptotic cell death in

the hippocampus of gerbils, whereas Colbourne et al.

(1999b) failed to obtain electron microscopic evidence for

apoptosis, again following global ischemia in gerbils. It

has also been reported that overactivation of NMDA re-

ceptors preferentially causes necrotic cell death while en-

hanced stimulation of AMPA receptors produces

"apoptotic-like" morphological changes, which, however,

cannot be regarded as "true" apoptotic (Ishimaru et al.

1999). The possibility that the brain injury, using our

model for brain ischemia, would produce apoptotic cell

death still remains an open question. Further experiments

are needed to verify whether currently seen brain injury is

accompanied by ultrastructural morphological changes

which would prove or disprove the possible involvement

of apoptotic cell death.
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