Anesthesiology
75:279-287, 1991

Lack of Protection by the N-Methyl-D-aspartate Receptor
Blocker Dizocilpine (MK-801) after Transient

Severe Cerebral Ischemia in the Rat

Bengt Nellgdrd, M.D., Ingvar Gustafson, M.D., Tadeusz Wieloch, Ph.D.*

Glutamate is an important factor in the mechanisms of neuronal
damage following cerebral ischemia. Blockade of one type of glu-
tamate receptor, the N-methyl-p-aspartate (NMDA) receptor, de-
creases brain infarct size in experimental models of permanent focal
ischemia, but protection in models of transient reversible ischemia
is ambiguous. We investigated the effect of the noncompetitive
NMDA receptor antagonist dizocipiline (MK-801) on neuronal
damage in the CA1 region of the rat hippocampus, using two models
of reversible cerebral ischemia: 10 or 15 min of bilateral common
carotid occlusion combined with hypotension, or 6-8.5 min of cardiac
arrest. Histopathologic evaluation of neuronal damage was per-
formed 7 days after the ischemic insults. Thirteen groups of rats (a
total of 129 animals) were treated with saline or dizocilpine in single
or multiple doses ranging from 0.1 to 5 mg - kg™, given intravenously
or intraperitoneally prior to and/or after the ischemic insult. In
none of the dizocilpine-treated groups could neuronal protection be
demonstrated in the CA1l region of the septal as well as dorsotem-
poral hippocampus, compared to a corresponding saline-treated
group. We conclude that systemically administered noncompetitive
NMDA receptor antagonists do not provide a marked protection
against neuronal damage after a transient period of severe forebrain
ischemia. (Key words: Antagonists, glutamate: dizocilpine. Brain:
hippocampus. Brain, ischemia: cell death; protection. Receptors:
glutamate.)

DURING RECENT YEARS, attention has focused on the
transmitter glutamate as a prime factor in the initiation
and development of neuronal damage,"? and several lines
of evidence support an involvement of glutamatergic
neurotransmission in the mechanism of ischemic brain
damage.>* First, distribution of neuronal damage coin-
cides to some extent with the distribution of excitatory
afferent nerve terminals and glutamate receptors in the
brain.? Second, the extracellular concentration of gluta-
mate increases during ischemia.® Third, lesions of the
glutamate pathways to the hippocampus can reduce neu-
ronal damage.® Finally, during the 6 yr since the first
report on the protective effect of an N-methyl-D-aspartate
(NMDA) receptor antagonist against ischemic damage,’
a vast literature has accumulated confirming this finding.®
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However, more recently, the general importance of
glutamate in the mechanism of ischemic brain damage
has been disputed.>'* For example, in experimental
models of transient cerebral ischemia in rats,® cats,!®
dogs,'"'? and monkeys,'? protection by glutamate recep-
tor antagonists could not be demonstrated. It was hy-
pothesized that the cerebroprotective properties of the
NMDA receptor antagonists depend on residual tissue
energy stores during the ischemic insult, and that after
severe ischemic insults leading to extensive energy deple-
tion, the NMDA receptor antagonists are less effective
cerebroprotectants.'*

This investigation describes the effects of dizocilpine
(MK-801) ([+]-5-methyl-10,11-dihydro-5H-dibenzofa,d}-
cyclohepten-5,10-imine maleate), a noncompetitive NMDA
receptor antagonist, on neuronal damage in the rat hip-
pocampus in two models of transient cerebral ischemia.
These models, the two-vessel occlusion (2-VO) model of
ischemia (common carotid occlusion combined with hy-
potension)'® and a cardiac arrest model of complete isch-
emia,'® were developed in our laboratory and are exten-
sively used in experimental ischemia research. Dizocilpine
was chosen since it readily crosses the blood—brain barrier
and frequently has been used in research on glutamate
cytotoxicity.!” Some of the results have been presented
previously, in abstract form.

Materials and Methods

All operational procedures were approved by the Eth-
ical Committee of Lund University Hospital. Male Wistar
rats (Mgllegaard A/S, Denmark) weighing 290-370 g
were anesthetized in a plastic jar by inhalation of 3% iso-
flurane in a mixture of oxygen/nitrous oxide (30/70%).
After tracheal intubation, the animals’ lungs were me-
chanically ventilated with a rodent respirator (7025 Ro-
dent Ventilator, Ugo Basile Biological Research Appa-
ratus, Comeno, Italy), while anesthesia was maintained
with 1-2% isoflurane in the oxygen/nitrous oxide (30/
70%) gas mixture.

fNellgird B, Gustafson I, Hansen AJ, Lauritzen M, Wieloch T:
MK-801, a noncompetitive NMDA receptor antagonist, does not pro-
tect against neuronal damage in the rat brain following cerebral isch-
emia. Society for Neuroscience abstracts, 15:23.11,1989
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An external jugular vein catheter (602-175, Silastic,
Dow Corning) was inserted with its tip placed in the su-
perior caval vein. A tail artery catheter and one tail vein
catheter (models 800/110/200/100 polythene tubing,
Portex, England) were inserted to allow blood sampling,
arterial blood pressure recording, and infusions of drugs.
The blood pressure was recorded (blood pressure re-
corder SE 120, ABB Goerz, Germany) continuously until
the tracheas were extubated. In animals subjected to 2-
VO ischemia, the common carotid arteries were exposed
and encircled by loose ligatures. Blood samples (200 ul)
were collected 15 min prior to ischemia and 15 min post-
ischemia to measure blood gases (AcidBase analyzer ABL
30, Radiometer, Copenhagen, Denmark) and blood glu-
cose (Glucometer II, Miles Laboratories, Inc.). After each
sample, the catheters were flushed with Krebs’ solution
to maintain the circulating blood volume. If blood gases
could not be corrected to normal values (arterial oxygen
tension > 90 mmHg, arterial carbon dioxide tension 35—
45 mmHg, and pH 7.35-7.45) by adjustments of tidal
volume or frequency (normally, frequency = 85 breaths
per min) of the respirator or if the blood glucose was < 4
mM, the rats were excluded from the study.

At the end of surgery, bipolar electroencephalography
(EEG) electrodes were inserted into the temporal muscles,
and the EEG activity was recorded (Mingograf 34, Elema-
Schonander, Sweden) every 5—to 10 min prior to ischemia,
continuously during the ischemic insult, and intermittently
in the postischemic period. The EEG electrodes were re-
moved once EEG activity had returned. At the beginning
of a 30-min steady-state period prior to induction of isch-
emia, the inspired isoflurane concentration was decreased
to 0.5%, and 150 IU - kg™! heparin was administered in-
travenously (iv). Vecuronium (Organon, Teknika, Boxtel,
Holland) was given either as an iv infusion of 3 mg+h™
or as incremental bolus doses of 0.4 mg. One minute prior
to induction of ischemia, isoflurane was discontinued, and
a bolus dose of 0.4 mg vecuronium was administered.

The animals exposed to 2-VO ischemia were fasted
overnight but had free access to tap water. The ischemia
was performed essentially as described earlier.!® Briefly,
blood was withdrawn via the jugular catheter to a mean
arterial pressure (MAP) of 50 mmHg, and both carotid
arteries were clamped. Blood pressure was maintained at
50 mmHg during the ischemic period by withdrawing or
infusing blood through the jugular catheter. The ischemic
insult was defined as the time from the onset of isoelectric
EEG at an MAP of 50 mmHg. At the end of ischemia,
the carotid clamps were removed. Then, after the blood
was reinfused, 0.5-1 ml 0.6 M sodium bicarbonate was
infused.

Complete cerebral ischemia'® of 6-8.5-min duration
was induced by iv administration of 0.3-0.4 ml 0.5 M
potassium chloride into the jugular vein catheter to cause
immediate cardiac arrest. Ventilation was interrupted, and
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10 ml blood was withdrawn from the jugular catheter.
Resuscitation was initiated after 5 min of cardiac arrest
by resumption of ventilation with 100% oxygen and in-
fusion of 10 ml oxygenated donor blood and 1 ml 0.6 M
sodium bicarbonate concomitant with rapid manual chest
compressions.

In all experiments, temperature was monitored before,
during, and after ischemia (15 min of recovery) with
thermistors placed in the rectum and on the scalp. The
temperature was controlled with the aid of a heating lamp.
Rectal as well as scalp temperature were maintained at
approximately 37° C during the ischemic insult and until
tracheal extubation (20-60 min postischemia).

After removal of the external jugular vein catheter, all
wounds were sutured. Within 1 h after the ischemic insult,
the animals resumed adequate spontaneous breathing; the
oxygen/nitrous oxide mixture was discontinued; and the
endotracheal tube could be removed. The animals were
transferred to a cage and received supplementary oxygen.
If they did not eat or drink spontaneously on the day
after surgery, they received a suspension of nutritional
fluid (Meritene, Wander AG, Bern Switzerland). This was
particularly important for rats treated with 5 mg-kg™"
dizocilpine. In the postischemic phase, 1 or 2 animals in
each group died. The mortality rate was similar in the
saline-treated and dizocilpine-treated groups.

The investigation includes the following experimental

groups:

Cardiac arrest ischemia: 0.3 mg-kg™ dizocilpine in-
traperitoneally (ip) 30 min before ischemia (n = 6);
0.6 mg - kg™! dizocilpine iv at reperfusion (n = 5).

2-VO ischemia (15 min): 5 mg- kg™ dizocilpine ip 30
min prior to ischemia (n = 6); 5 mg - kg™* dizocilpine
ip at reperfusion after ischemia (n = 6).

2-VO ischemia (10 min): 0.3 mg+kg™ ip (n = 6), 1
mg-kg™! ip (with (n = 4) or without (n = 6) 0.4
mg-kg™! diazepam iv) or 3 mg+ kg™ dizocilpine ip
(n = 6) 0.5-1 h prior to ischemia; 3 mg-kg™ di-
zocilpine ip followed by an infusion of 1
mg - kg™! - h™! for 6 h starting at reperfusion (n = 6);
0.1 mg-kg™! dizocilpine iv at reperfusion with (n
= 6) or without 0.4 mg- kg™ diazepam iv (n = 6);
dizocilpine 1 mg - kg™ ip at 15 min and 5 h postisch-
emia + diazepam 0.4 mg - kg™ iv (n = 7) within 20
min postischemia; diazepam 0.4 mg - kg™ iv imme-
diately at reperfusion (n = 6).

When administered iv as bolus or as a continuous in-
fusion, the drugs where given via the tail vein cath-
eter.

After 1 week of survival the animals were reanesthe-
tized in a jar by inhalation of 2% halothane in a mixture
of oxygen/nitrous oxide (30/70%). After tracheostomy,
the lungs were ventilated mechanically by a rodent ven-
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tilator, and the brains were perfusion-fixed via the as-

cending aorta with an infusion of prewarmed (37° C) 4%

formaldehyde solution, buffered to pH 7.35, preceded by

a short saline rinse.'® The brains were removed, embed-

ded in paraffin, and sectioned at 6 pm. The sections were

stained with celestine blue and acid fuchsin. Irreversibly
injured neurons’® stained bright red; surviving neurons
stained violet.

Neuronal damage was assessed independently by two
individuals blinded to treatment. Neurons were counted
in the light microscope (400X) in three areas of the hip-
pocampal CA1 region at the same rostrocaudal level, each
400 pm long. In each animal the mean of neuronal counts
from both hemispheres was calculated. Two rostrocaudal
levels of the hippocampus were investigated; the septal
hippocampus at a level approximately 3.8-4.0 mm caudal
to the bregma and the dorsal temporal hippocampus at a
level 5.8 mm caudal to the bregma.'® Neuronal necrosis
in the CA1 sector of the hippocampus was expressed as
the percentage of damaged neurons within the total neu-
ronal population.®

Data are presented as means =* standard deviations
(SD). When assessing differences in neurologic damage,
by comparing one treated group with the corresponding
control group, a two-tailed unpaired Student’s ¢ test was
used with significance at P < 0.05. An analysis of variance
with a post hoc Dunnett’s test was used when several drug
treated groups were compared with a control group.

DIZOCILPINE AND ISCHEMIC BRAIN DAMAGE 281

Results

CHANGES IN PHYSIOLOGIC VARIABLES

The values of blood glucose, temperature and MAP,
measured 15 min prior to and 15 min after the ischemic
insults, are shown in tables 1-3. The MAP increased sig-
nificantly in five groups treated with dizocilpine compared
with saline-injected animals (tables 1 and 3). Blood glucose
in fasted animals subjected to 2-VO ischemia was between
5.8-8.8 mM prior to ischemia and 5.0-10.0 mM after
ischemia (tables 1 and 2). In these experiments, a slightly
but significantly lower blood glucose was noted in two
dizocilpine-treated groups compared to the corresponding
saline-treated groups. In fed animals subjected to cardiac
arrest ischemia, blood glucose levels prior to ischemia were
11.5-13.3 mM and after ischemia 15.6-16.9 mM (table
3). There was no difference in blood glucose levels be-
tween dizocilpine- and saline-treated animals in these ex-
periments. Small differences in rectal temperature after
dizocilpine treatment were noted in three experimental
groups. In one group, temperature was 0.7° C higher
prior to ischemia than in the corresponding saline-treated
group (table 3). In two other dizocilpine-treated groups,
rectal temperature was 0.1° C higher and 1.1° C lower,
respectively, than in the corresponding saline-treated
group after ischemia (tables 1,2).

TABLE 1. Data before and after 10 min of Forebrain Ischemia in Rats Treated with Dizocilpine (MK-801), Diazepam, or Saline

MABP (mmHg) Temperature (°C) Blood Glucose (mM)
Pre
Drug Dose (mg- kg™") n Pre Post Pre Post Post
Dizocilpine 3 6 131 =12 181 + 10* 37.0+ 04 36.3 + 0.4 75+1.1 74+1.1
Saline 5 118 + 21 130 £ 22 36.6 = 0.6 36.2+0.3 8.8x+1.8 93+1.8
Dizocilpine b 6 147 = 143 177 & 14* 36.6 £ 0.4 36.5 0.5 78+04 84+1.0
Saline 6 123 + 14 141 £13 36.8 + 0.5 36.6 = 0.8 84+1.7 8.5 1.8
Dizocilpine 1¢ 6 152+ 7 152+ 8 37.1+0.3 37.1 £ 0.1} 59+1.8 6.4+1.3
Saline 6 145 + 10 149+ 6 36.0 + 0.2 37.0 £ 0.0 6.8+ 1.2 50+ 1.5
Dizocilpine 0.3¢ 6 138 £ 24 165 * 144 37.2+04 36.8 £04 6.9 = 0.9% 7.0 £1.0%
Saline 6 118 + 12 137 + 20 36.9 0.3 36.7 + 0.3 83%1.0 8.6 + 1.0
Dizocilpine 1 + diazepam*® 4 162+ 9% 164+ 5 37.3+0.1 37.3 £0.2 6.3 +1.2 5.0+ 1.0
Dizocilpine 0.1 post’ 6 127 + 15 148+ 7 37.0+0.2 37.0+0.4 58 1.0 54+ 1.3
Dizocilpine 0.1 + diazepam® 6 142+ 8 148 £ 15 37.0 £ 0.2 37.0 £ 0.2 6.1x1.0 5.7 £0.7
Diazepam 0.4" 6 136 =12 137+ 9 37.0+0.2 36.9 £ 0.1 6.5 + 2.1 6.4 2.1
Saline 10 138 £ 11 148 £ 13 37.1+03 37.0 + 0.2 69+1.4 5.6 = 0.7
Dizocilpine 1 + diazepam' 7 119 £ 17 123 + 13 36.7 £ 0.5 36.7 £ 0.6 7.5+ 1.2 6.8 x 1.1
Saline 6 112 + 11 127+ 9 37.0:04 36.8 = 0.6 77x+1.6 7.7+1.6

Data are presented as means == SD, Statistics used were two-tailed,
unpaired Student’s ¢ test or ANOVA with a post hoc Dunnett’s test,
when multiple groups are compared with the saline group.

MABP = mean arterial blood pressure. Temperature is rectal tem-
perature. Pre = 15 min before and post = 15 min after ischemia.

* P < 0.001.

TP <0.01

1P <0.05

20,5 h preischemia + at reperfusion] mg-kg™ -h™ for 6 h.

b 0.5 h preischemia

© 1 h preischemia

91 h preischemia

© 0.5 h preischemia + 0.4 mg- kg™ diazepam at reperfusion.

f At reperfusion.

& At reperfusion + 0.4 mg-kg™' diazepam 0.5 h postischemia.

" At reperfusion.

10.25 h + 5 h postischemia + 0.4 mg - kg™' diazepam within 20 min
postischemia.
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TABLE 2. Data before and after 15 min of Forebrain Ischemia in Rats Treated with Dizocilpine (MK-801) or Saline

MABP (mmHg) Temperature (°C) Blood Glucose (mM)
Dose
Drug (mg-kg™) n Pre Post Pre Post Pre Post
Dizocilpine 5? 6 102 + 25 143 £ 24 36.7 £ 0.6 37.0+0.8 6.6 = 1.1 6.2 = 1.1%*
Dizocilpine 5b 6 111 £ 24 113 +18 37.1 %05 36.7 + 0.6* 7.4+1.2 7.3 27
Saline 8 101 + 12 121 £13 36.9 £ 0.6 37.8+0.4 7.5+ 14 10.0 = 1.8
Data are presented as means : SD. ANOVA with a post hoc Dunnett's * P <0.01.

test is used for comparison between groups.
MABP = mean arterial blood pressure. Temperature is rectal tem-
perature. Pre = 15 min before and post = 15 min after ischemia.

EFFECT OF DIZOCILIPINE ON HIPPOCAMPAL
DAMAGE AFTER 2-VO ISCHEMIA

Figure 1 shows neuronal necrosis in the septal CAl
region in saline-treated animals and animals given dizo-
cilipine 5 mg-kg™"' ip either 30 min prior to 15 min of
2-VO ischemia or at reperfusion. The neuronal damage
(mean =+ SD) amounted to 91.4 * 3.8% in saline-injected
animals, 85.8 = 8.0% in animals pretreated with dizocili-
pine, and 71.7 & 27.3% in animals given dizocilipine im-
mediately after ischemia. In the dorsotemporal hippo-
campus (fig. 2), damage in the saline-treated group was
67.3 + 23.8% and in the dizocilipine-pretreated animals
or in animals treated in the postischemic phase was 50.2
+ 24.6 and 45.6 £ 19.3%, respectively. The effects of
dizocilipine 1 mg- kg™ given ip at 15 min and 5 h after
10 min of 2-VO ischemia in combination with diazepam
0.4 mg - kg™! injected iv within 20 min postischemia, are
shown in figures 3 and 4. The neuronal necrosis in the
septal part of the CA1 region in saline-treated ischemic
animals was 65.4 *+ 28.3% and in those subjected to di-
zocilipine and diazepam treatment 89.4 + 7.6%. In the
dorsal temporal part of CAl, 30.9 + 26.7% neuronal
damage was noted in the saline group, compared with
55.4 + 28.8% in the dizocilipine-treated groups.

Table 4 summarizes the effects of different doses of
dizocilipine and diazepam on neuronal damage in the
septal hippocampus after 10 min of 2-VO ischemia. Dam-
age in saline-treated animals ranged from 65 to 85% and
in the dizocilipine-treated animals from 53 to 92%. Table

2 0.5 h preischemia.
b At reperfusion.

5 demonstrates the neuronal damage of the dorsotem-
poral hippocampus of rats exposed to 10 min of 2-VO
ischemia. Damage in the saline-treated groups ranged
from 18 to 40% and in the dizocilipine-treated groups
from 12 to 45%.

EFFECTS OF DIZOCILIPINE ON HIPPOCAMPAL
DAMAGE AFTER CARDIAC ARREST ISCHEMIA

In the transient cardiac arrest model, 565.0 + 26.5%
neuronal damage was found in the septal hippocampus
(CA1 sector) of saline-treated animals. In animals treated
with 0.3 mg : kg™ dizocilipine ip 1 h preischemia or with
0.6 mg - kg™ dizocilipine iv at reperfusion, 55.4 * 36.3%
and 65 + 23.2% neuronal damage was observed, respec-
tively (fig. 5). In the dorsotemporal CA1l sector of hip-
pocampus, 20.0 + 23.6% neuronal damage was observed
in the saline-treated group, and neuronal necrosis in the
dizocilipine-treated groups was 29.2 + 30.6 and 35.7
+ 35.3%, respectively (fig. 6).

STATISTICAL DATA ANALYSIS

In five of seven saline-treated groups and in five of
nine dizocilipine-treated groups, neuronal damage in the
septal hippocampus was significantly denser than in its
dorsotemporal part (P < 0.05, Student’s ¢ test).

A statistically significant difference could not be dis-
cerned between any dizocilipine-treated group and the
corresponding saline-treated group. A power analysis®®

TABLE 3. Data before and after Transient Cardiac Arrest of 6-8.5 Min in Rats Treated Either with Dizocilipine (MK-801) or Saline

MABP (mmHg) Temperature (°C) Blood Glucose (mM)
Dose
Drug (mg-kg™) n Pre Post Pre Post Pre Post
Dizocilipine 0.3* 6 141 + 23 130 £ 10 87.6 + 0.4% 37.2+ 0.4 12715 16.3 £ 1.5
Dizocilipine 0.6° 5 127 £ 12 139 + 47 37.2 £0.2 37.5+0.3 115+ 156 156.6 = 2.1
Saline 6 127 + 15 128 + 4 36.9 = 0.2 36.9 + 0.6 133 £ 2.0 169x14
Data are presented as means == SD. ANOVA; a post hoc Dunnett’s *P <0.01.
test is used for comparison between groups. 1 P < 0.05.

MABP = mean arterial blood pressure. Temperature js rectal tem-
perature. Pre = 15 min before and post = 15 min after cardiac arrest.

2 1 hr prior to cardiac arrest.
b At reperfusion.
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FIG. 1. Hippocampal CAl damage (mean percentage neuronal
damage + SD) in septal hippocampus after 15 min of forebrain ischemia
using a two-vessel occlusion model in rats. Animals were treated with
5 mg - kg™ dizocilipine either 30 min prior to ischemia (85.8 + 8.0%)
or directly postischemia (71.7 + 27.3%). The neuronal necrosis is com-
pared to saline-treated rats (91.6 + 3.5%). Each dot is the mean damage
of the two hemispheres. Using ANOVA with a post hoc Dunnett’s test,
no significant difference between groups was found.

showed that a minimal decrease in neuronal damage, by
32 and 35%, can be detected in the septal and dorsotem-
poral hippocampus, respectively, after 10 min of ischemia,
with a power of 0.8 when the significance level is 0.05.
The corresponding values for the damage in the septal
and dorsotemporal hippocampus in the groups under-
going 15 min of ischemia are 20 and 40% respectively,
and in the cardiac arrest model 44 and 45%.
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FIG. 2. Hippocampal CAl damage (mean percentage neuronal
damage = SD) in dorsotemporal hippocampus after 16 min of forebrain
ischemia usin~ a4 two-vessel occlusion model in rats. Animals were
treated with 5 mg- kg™ dizocilipine either 30 min prior to ischemia
(50.2 = 24.6%) or directly postischemia (45.6 £ 19.3%). The neuronal
necrosis is compared to saline-treated rats (67.3 + 23.8%). Each dot
is'the mean damage of “he two hemispheres. Using ANOVA with a
post hoc Dunnett’s test, no significant difference between groups was
found.

% neuronal necrosis
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FIG. 3. Neuronal damage in the septal hippocampal CAl region
(mean percentage * SD) of rats exposed to 10 min of forebrain ischemia
using a two-vessel occlusion model. Dizocilpine was given as doses of
1 mg-kg™! ip 15 minand 6 h postischemia, combined with 0.4 mg* kg™
of diazepam iv postischemia within 20 min (89.4 * 7.6%) and was
compared with saline-treated rats (65.4 * 28.3%) using a two-tailed
unpaired Student’s ¢ test. Each dot represents the mean damage of the
two hemispheres, and no significant difference between groups could
be detected.

Discussion

In the following discussion we first compare the cere-
broprotective efficiencies of NMDA receptor antagonists
in experimental models of permanent focal ischemia (ac-
complished by occlusion of a major cerebral artery) with
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FIG. 4. Neuronal damage in the dorso temporal hippocampal CAl
region (mean percentage = SD) of rats exposed to 10 min of forebrain
ischemia using a two-vessel occlusion model. Dizocilpine was given as
doses of 1 mg-kg™" ip 15 min and 5 h postischemia, combined with
0.4 mg-kg™" diazepam iv postischemia within 20 min (55.4 = 28.8%)
and was compared with saline-treated rats (30.9 £ 26.7%) using a two-
tailed unpaired Student’s ¢ test. Each dot represents the mean damage
of the two hemispheres, and no significant difference between groups
could be detected.
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TABLE 4. Neuronal Damage in Septal Hippocampal CA1 Sector in
Rats in a Two-vessel Occlusion Model of 10-min
of Forebrain Ischemia

Neuronal

Damage in CA1

(Septal) (% of

Drug n Dose (mg-kg™") ‘Total Neurons)
Dizocilpine 6 3 77.9 £ 21.1
Saline 5 65.4 * 35.6
Dizocilpine 6 3® 85.8 = 16.5
Saline 6 75.0 £ 31.5
Dizocilpine 6 1€ 52,7 £ 25,5
Saline 6 65.0 = 24.3
Dizocilpine 6 0.3¢ 925+ 2.7
Saline 6 81.2 + 15.1
Dizocilpine 4 1 + diazepam® 91.1% 4.7
Dizocilpine 6 0.1f 86.1 = 15.3
Dizocilpine 6 0.1 + diazepam® 919+ 5.1
Diazepam 6 0.4 78.0 + 35.8
Saline 10 84.8 + 15.3

Data are presented as means = SD. Statistics used are two-tailed,
unpaired Student’s ¢ test or ANOVA with a post hoc Dunnett's test,
when multiple groups were compared.

No significant difference of neuronal damage between drug-treated
animals and saline-treated animals were found.

2 0.5 h preischemia + at reperfusion 1 mg-kg™ +h™! for 6 h.

® 0.5 h preischemia.

¢ 1 h preischemia.

41 h preischemia.

€0.5 h preischemia + 0.4 mg- kg™ diazepam at reperfusion.

f At reperfusion.

8 At reperfusion + 0.4 mg-kg™" diazepam 0.5 h postischemia.

" At reperfusion.

that in models of transient ischemia (performed by revers-
ible occlusion of the neck arteries supplying the brain).
Second, we discuss the apparently contradictory results
described in the literature on the effects of NMDA an-
tagonists in different experimental paradigms of transient
cerebral ischemia.

There seems to be agreement that NMDA receptor
antagonists decrease infarct size and improve neurologic
outcome in models of permanent focal ischemia in which
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one or several major arteries in the brain are permanently
occluded.? In these models, mimicking the clinical situa-
tion of stroke, an area of mixed density of ischemia is

- formed by collateral vessels to the territory normally sup-

plied by the occluded arteries. In the core of the infarct,
i.e., the area of severe or complete ischemia where energy
depletion is severe enough to cause membrane depolar-
ization, total tissue necrosis develops rapidly. In the tissue
surrounding the ischemic focus, called the “penumbra”
(a condition of incomplete ischemia), the residual blood
flow is sufficient for some remaining energy production,?’
support of Na*-K™* adenosine triphosphatase activity, and
preservation of ion gradients across the plasma mem-
brane.?? In this area, the glutamate levels are significantly
elevated®® and may aggravate neuronal damage and ex-
pand the infarcted area by imposing continuous stress on
the neurons. It has been proposed that NMDA receptor
antagonists preclude the recruitment of irreversibly dam-
aged tissues during ischemia by inhibiting ion cycling across
the plasma membrane through the NMDA-operated ion
channel in the penumbra area, and thereby preserve en-
ergy, enhance glutamate uptake, and terminate intracel-
lular second messenger formation.**

In models of transient cerebral ischemia, the situation
is in some respects different from that found in permanent
focal ischemia. Here neurons experience a transient pe-
riod of energy depletion followed by recovery and de-
generation of vulnerable neurons. Transection of gluta-
matergic afferent nerves®® or administration of glutamate
receptor antagonists in the reperfusion phase protect hip-
pocampal neurons after transient cerebral ischemia. This
strongly suggests that glutamate-receptor-mediated events
leading to neuronal damage take place after ischemia and
that ischemia inflicts an insult on vulnerable neurons and
so makes them prone to glutamatergic excitatory neu-
rotransmission in the reperfusion period. The severity of
the ischemic insult may establish the degree of sensitiza-
tion of vulnerable neurons to postischemic glutamate

TABLE 5. Neuronal Damage in Dorsal Temporal Hippocampal CA1 Sector in Rats in a Two-vessel Occlusion Model
of 10-min Forebrain Ischemia

Dose Neuronal Damage in CA1 Sector

Drug n (mg-kg™") (Temporal) (% of Total Neurons)
Dizocilipine 6 32 45.0 + 35.2
Saline 5 26.5 + 22,1
Dizocilipine 6 b 44,2 + 22,5
Saline 6 18.2 £17.9
Dizocilipine 6 1€ 124+ 84
Saline 6 31.2 £ 19.7
Dizocilipine 6 0.3¢ ’ 38.4 £ 16.3
Saline 6 39.6 = 35.7

Data are presented as means = SD. Statistics: two-tailed, unpaired
Student’s ¢ test. No significant differences in neuronal damage between
dizocilipine- or saline-treated animals were found.

2 0.5 h preischemia + at reperfusion 1 mg-kg™ +h™* for 6 h.

b 0.5 h preischemia.
€1 h preischemia.
41 h preischemia.
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FIG. 5. Neuronal damage (mean percentage + SD) in the septal
hippocampal CA1 region ,of rats exposed to transient cardiac arrest
for 6-8.5 min. Dizocilipine was administered either 1 h prior to ischemia
in a dose of 0.3 mg - kg™ ip (55.4 + 36.3%) or at reperfusion in a dose
of 0.6 mg-kg™' (65.0 = 28.2%). The neuronal damage is compared
with saline-treated animals {55.0 £ 26.5%) using ANOVA with a post
hoc Dunnett's test. Each dot is the mean damage of the two hemispheres.
No significant difference between groups was found.

stimulation, which in turn may determine the contribution
of glutamate receptors to the degenerative processes in
the reperfusion phase.

In the current study it was demonstrated that dizocili-
pine, given to the rat systemically in doses of 0.1-5
mg - kg™, either prior to or after a transient ischemic in-
sult, does not decrease ischemic neuronal damage in the
hippocampus. These results agree with several recent
reports®'> demonstrating lack of cerebral protection by
competitive or noncompetitive NMDA receptor antago-
nists, but they conflict with some data?®?” obtained in rat
and gerbil models of forebrain ischemia.

In the four-vessel occlusion model of cerebral ischemia,
neither competitive nor noncompetitive NMDA receptor
antagonists decreased neuronal necrosis in the hippocam-
pal CAl region.9 In a cardiac arrest model in cats, no
mitigation of ischemic damage could be obtained with
dizocilipine 0.33 mg-kg™" given postischemia combined
with 10-h iv infusion of 0.073 mg « kg™'.'? Likewise, after

11 min of aortic occlusion in dogs, no improvement of
neurologic outcome could be demonstrated by 0.15
mg - kg~ dizocilipine given 5 min postischemia followed
by an infusion of 1.25 pg-kg™' +h™! for 8 h.!! In another
study conducted in dogs, dizocilipine 0.3 mg - kg™" given
after 17 min of cardiac arrest and followed by a 12-h
infusion of 0.075 mg-kg™ -h™' was unable to improve
neurologic outcome.'? Also, in a monkey model of 17-
min global cerebral ischemia, no improvement in neu-
rologic outcome could be demonstrated with dizocilipine
0.3 mg-kg™! over 5 min followed by an infusion of 0.15
mg - kg™' - h™! for 10 h.'® In these experiments, in which
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protection by the NMDA receptor antagonist was not
achieved, ischemia can be characterized as severe or com-
plete (cardiac arrest).

In contrast, in some studies using rat and gerbil models
of transient cerebral ischemia, dizocilipine was found to
decrease neuronal damage. For example, in a gerbil model
of transient cerebral ischemia, dizocilipine decreased
neuronal damage when administered in doses ranging
from 0.1 to 10 mg-kg™" after ischemia.*® Furthermore,
in the rat 2-VO model, several different competitive or
noncompetitive NMDA receptor antagonists protected
the hippocampal CA1l area against ischemic damage.?’
Dizocilipine 1 mg+ kg™ given twice postischemia in com-
bination with a single dose of diazepam, 0.4 mg-kg™’,
decreased neuronal damage in the CA1 region of the hip-
pocampus from approximately 73% damage in saline-
treated animals to approximately 30% damage in dizo-
cilipine-treated animals.?” Our data are unable to confirm
these latter findings, even though some of our experi-
ments used similar treatment paradigms (figs. 3 and 4).

The conflicting results may be due to differences in
some of the factors influencing neuronal damage, such as
brain temperature,?® blood glucose concentration, or the
density and duration of ischemia.?® In the current and
one conflicting study,?” skull and rectal temperatures were
carefully controlled during and after ischemia, preventing
a change in body temperature induced by dizocilipine, as
described in gerbil experiments.*® Moreover, the blood
glucose concentrations in these investigations did not in-
crease because of dizocilipine treatment. Residual cerebral
blood flow during the ischemic insult, and thus the density
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FIG. 6. Neuronal damage (mean percentage % SD) in the dorsal
temporal hippocampal CA1 region of rats exposed to transient cardiac
arrest for 6-8.5 min. Dizocilipine was administered either 1 h prior
to ischemia in a dose of 0.3 mg - kg™ ip (29.2 % 30.6%) or at reperfusion
in a dose of 0.6 mg-kg™ (35.7 £ 35.3%). The neuronal damage is
compared with saline-treated animals (20.0 * 23.6%) using ANOVA
with a post hoc Dunnett’s test. Each dot is the mean damage of the two
hemispheres. No significant difference between groups was found.

202 YoIeN 0z uo 3sanb Aq 4pd 91000-00080 | 661-27S0000/06022€/6.2/2/S L/Ppd-aj0nie/ABojoIsauisaue/w0o JIBYIIBA|IS ZESE//:d)Y WOl papeojumoq



286 NELLGARD, GUSTAFSON, AND WIELOCH

of ischemia, may be decisive factors influencing the effi-
ciency of NMDA receptor antagonists. During ischemia,
cerebral blood flow may vary among animal species and
strains and among the diverse ischemia models used. In
hypoglycemia, during which adenosine triphosphate levels
are reduced by approximately 50% and lactate levels are
low, neuronal damage in the striatum decreases by posthy-
poglycemic administration of dizocilpine. §

It therefore is possible that the density of an ischemic
insult, and thus the degree of lactic acidosis and the se-
verity of energy depletion, determine the importance of
NMDA receptors in the postischemic development of
neuronal damage. If some energy formation remains
during the insult, such as after moderate or incomplete
ischemia, the activation of NMDA receptors in the post-
insult period could be detrimental. Conversely, in situa-
tions in which the ischemic insult is severe or complete,
such as in the current investigation and in some of the
investigations mentioned earlier,’'® postischemic treat-
ment with NMDA receptor antagonists is not effective.
The reason why NMDA receptor blockade does not affect
neuronal damage after transient severe ischemia may be
inhibition of the receptor at low pH values®' or receptor
down-regulation via covalent modification.®?

Since lesions of the glutamatergic input to the hippo-
campus decrease neuronal damage also in models of severe
or complete ischemia, nonNMDA glutamate receptors
may be important for the development of neuronal dam-
age after a more severe ischemic insult. Recently, blockade
of the a-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid (AMPA) receptor, an ionotropic nonNMDA recep-
tor, provided significant neuronal protection after tran-
sient bilateral common carotid occlusion in the gerbil.*
Therefore, we propose that the efficiency of the glutamate
receptor blockade in preventing neuronal damage after
transient severe ischemia depends on the severity of the
ischemic insult. After moderate (incomplete) ischemia, the
NMDA receptor antagonists are effective, whereas after
transient severe (complete) ischemia, AMPA receptor an-
tagonists provide effective protection of neurons.

The authors wish to thank Ann-Marie Rohrstock, Margareta Svejme,
and Lillemor Lindestrom for the excellent technical assistance. They
thank Dr. Harald Andersson for valuable discussions and suggestions
concerning the statistical analysis.

§ Unpublished results.
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