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The N-methyl-D-aspartate Antagonist, MK-80 1, Fails to Protect 
against Neuronal Damage Caused by Transient, Severe 
Forebrain lschemia in Adult Rats 
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The neuroprotective effects of dirocilipine maleate (MK-801), 
a noncompetitive antagonist of the N-methyl-D-aspartate 
(NMDA) receptor/channel, were tested in the 4-vessel oc- 
clusion rat model of forebrain ischemia. Adult Wistar rats, 
treated intraperitoneally with MK-801 or saline using several 
different treatment paradigms were subjected to 5 (n = 208) 
or 15 (n = 82) min of severe, transient forebrain ischemia. 
In saline-treated animals, 15 min of ischemia (n = 13) pro- 
duced extensive and consistent loss of pyramidal neurons 
in the CA1 zone of hippocampus. The degree and distri- 
bution of cell loss were not reduced by single dose preisch- 
emit administration of MK-801 at 1 (n = 7), 2.5 (n = 4), or 5 
mg/kg (n = 8). In other animals subjected to 15 min of fore- 
brain ischemia, multiple doses of MK-801 (5, 2.5, and 2.5 
mg/kg) given immediately and at approximately 8 and 20 hr 
after cerebral reperfusion (n = 5) did not alter CA1 injury 
compared to saline-treated controls (n = 5). Five minutes of 
forebrain ischemia in saline-treated animals, (II = 82) re- 
sulted in significantly fewer (p < 0.001) dead CA1 pyramidal 
cells and a greater variance compared to animals subjected 
to 15 min of ischemia. Power analysis of the preliminary 
saline-treated animals subjected to 5 min of ischemia (n = 
22) indicated that 80 animals per group were necessary to 
detect a 15% difference between MK-801 and vehicle-treat- 
ed groups. Multidose treatment with MK-801 (1 mg/kg) given 
1 hr prior to 5 min of ischemia (n = 80) and again at ap- 
proximately 8 and 18 hr after recirculation failed to attenuate 
hippocampal injury. Despite doses of MK-801 that produced 
marked behavioral abnormalities in the rats, no protection 
against ischemic injury to CA1 neurons was observed with 
any of the treatment paradigms. These data fail to support 
a singular role for the NMDA receptor/channel in the patho- 
genesis of injury to neurons from even brief periods of se- 
vere ischemia. 
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Transient but severe global or forebrain &hernia, which occurs 
clinically in patients successfully resuscitated from cardiac arrest 
and experimentally in some animal models, causes irreversible 
injury to a few, specific populations of highly vulnerable neurons 
(Spielmeyer, 1925; Brierley, 1976; Brown, 1977). The hippo- 
campal CA1 pyramidal cells are especially sensitive to injury 
and are prone to die following a few minutes of cerebral isch- 
emia. A unique feature of such injury to this neuronal population 
is that histological signs of irreversible damage do not appear 
until 24-48 hr after cerebral recirculation. Why these particular 
neurons should be so vulnerable to ischemia, and why the onset 
of histological injury is delayed for approximately 24 hr after 
the ischemia, remains an enigma-one that has been demon- 
strated in the rat (Pulsinelli et al., 1982a), the gerbil (Kirino, 
1982), and in the human (Petit0 et al., 1987). 

The pathophysiological events underlying the “selective vul- 
nerability” of specific neurons to hypoxia-ischemia is the subject 
of much research and debate. Recent successes with unraveling 
some of the mechanisms of excitatory amino acid-mediated 
injury to neurons using in vitro preparations (Rothman, 1985; 
Garthwaite and Garthwaite, 1986; Choi, 1987) have stimulated 
efforts to demonstrate similar cause-effect relationships between 
excitatory amino acids and neuronal death from ischemia in 
vivo. The excitatory amino acid neurotransmitters, glutamate 
and aspartate, known to be neurotoxic in cell cultures (Rothman 
and Olney, 1986) also cause local cell death when sufficiently 
high concentrations are injected into brain (Olney, 1978; Man- 
gano and Schwartz, 1983). Postsynaptic receptors for the ex- 
citatory amino acids, particularly those of the N-methyl-D-as- 
partate (NMDA) class, are concentrated in the CA 1 zone of the 
hippocampus (Monaghan and Cotman, 1985). Ischemia causes 
release of glutamate and aspartate (Benveniste et al., 1984; Hag- 
berg et al., 1985), which may then cause lethal excitation of 
postsynaptic neurons. These observations, plus others, support 
the hypothesis that an imbalance between excitation and inhi- 
bition may partially explain, at a molecular level, the selective 
vulnerability of specific neurons to ischemia (Meldrum, 198 1; 
Francis and Pulsinelli, 1982; Jorgensen and Diemer, 1982). 

The observations that neuroprotection against transient fore- 
brain ischemia obtained by blockade of the NMDA receptor 
with either local infusions of the competitive antagonist, ami- 
nophosphonoheptanoic acid (APH), in the rat (Simon et al., 
1984; Swan et al., 1988) or the systemic administration of the 
noncompetitive antagonist, (+)-5-methyl- 10,ll -dihydro-SH- 
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dibenzo[a,d]cyclohepten-5, lo-imine maleate (MK-80 l), in ger- 
bils (Gill et al., 1987a) and rats (Gill et al., 1987b; Church et 
al., 1988; Rod and Auer, 1989; Swan and Meldrum, 19.90) lend 
further support to the hypothesis that excitotoxins (Olney, 1978) 
and the NMDA receptor are uniquely important to the patho- 
genesis of selective ischemic necrosis of neurons. Hypoxic-isch- 
emit brain injury in neonatal animals has also been successfully 
treated with MK-801 (McDonald et al., 1987; Olney et al., 
1989a). However, several laboratories (Block and Pulsinelli, 
1987; Wieloch et al., 1988; Fleischer et al., 1989; Michenfelder 
et al., 1989; Lanier et al., 1990) failed to obtain protection of 
CA 1 pyramidal neurons using competitive or noncompetitive 
NMDA antagonists in animals subjected to transient but severe 
forebrain ischemia. 

The purpose of this study was to examine the basis for the 
discrepant results and to determine whether single or multiple 
doses of the potent, noncompetitive NMDA antagonist, MK- 
80 1, were effective in attenuating neuronal injury if shorter in- 
tervals of severe ischemia were used. The discussion that follows 
is limited to adult animals since the maturation and sensitivity 
of the NMDA receptor may be quite different in neonatal an- 
imals (Olney et al., 1989a). 

Materials and Methods 
4- Vessel occlusion surgev. Male Wistar rats weighing 150-275 gm were 
used in the experiments. They were maintained on a 12-hr alternating 
light-and-dark cycle and given free access to food and water. Transient 
forebrain ischemia was achieved using a modification (Pulsinelli and 
Dulfy, 1983; Pulsinelli and Buchan, 1988) of the 4-vessel occlusion 
method (Pulsinelli and Brierley, 1979). Animals were anesthetized with 
a mixture of 2% halothane, 70% N,, and 28% 0,. The carotid arteries 
were isolated through a midline neck incision, and atraumatic clasps 
were placed loosely around both common carotid vessels. A silk ligature 
was passed anterior to the cervical and paravertebral muscles but pos- 
terior to the trachea, esophagus, external jugular veins, and common 
carotid arteries. The incision was then closed with a surgical clip and 
the ends of the ligature were taped to the nape of the neck. 

A second incision was made behind the occipital bone, and the para- 
spinal muscles were separated to expose the alar foramina. The vertebral 
arteries were electrocauterized in the alar foramina of the first cervical 
vertebra. The wound was then sutured and the animals were allowed 
to recover from anesthesia overnight. Postoperatively, water was pro- 
vided but food was withheld. 

On the day of the experiment, the ventral neck wound was injected 
with lidocaine (1%) and the wound clip was removed. The common 
carotid arteries were occluded first and then the ligature encircling the 
paravertebral muscles was tightened in the awake rat. Animals that did 
not fully lose their righting reflexes following carotid artery occlusion 
were excluded from further study. Because loss of the righting reflex is 
the principal criteria for assuring severe forebrain ischemia in the 
4-vessel rat model (Pulsinelli et al., 1982b; Pulsinelli and Buchan, 1988) 
and because high-dose (5-10 mg/kg) MK-801-treated animals were al- 
ready lethargic (see below), great care was necessary to assure that the 
latter animals were subjected to an equivalently severe degree of isch- 
emia compared to vehicle-treated rats. Accordingly, animals were ex- 
cluded from the study unless they developed fully dilated pupils in 
addition to loss of the righting reflex upon tightening the carotid artery 
and neck ligatures. Assuring equivalent degrees of cerebral ischemia 
between control- and MK-801-treated animals was less problematic in 
the 15-min ischemic group treated with multiple doses of MK-80 1 (see 
below) because the animals received their first dose of MK-801 im- 
mediately after release of the carotid artery clasps. 

At the end of either 5 or 15 min of ischemia, the animals were 
reexamined for their ability to right and for the presence of dilated 
pupils; those able to right or animals with pinpoint pupils were classified 
as noncriteria and were excluded. The carotid artery clasps were then 
released, and restoration of carotid artery blood flow was checked by 
direct observation of the vessels. Core body temperature in all animals 
was maintained at a minimum of 37.5 * 0.5”C with a rectal thermistor 

(Yellow Springs, Inc.) and heating lamp during the ischemic insult and 
during the postischemic period until the animals regained the ability to 
maintain thermal homeostasis several hours later. 

Experimentalparadigms. In the single-dose treatment paradigms an- 
imals subjected to either 5 or 15 min of ischemia received an intraper- 
itoneal (i.p.) injection of MK-801 at doses of 0.3, 1, 2.5, 5, or 10 mg/ 
kg 1 hr prior to the onset of forebrain ischemia. Control animals were 
administered saline (0.1 ml/l00 gm, i.p.) 1 hr prior to the ischemic 
insult. 

In the multiple-dose treatment paradigms MK-80 1 or saline was given 
immediately after (5 mg/kg, i.p.) and again at approximately 8 and 20 
hr (2.5 mg/kg) after 15 min of forebrain ischemia. In separate studies, 
animals subjected to 5 min of ischemia were injected with MK-801 1 
hr prior to carotid artery occlusion and again at approximately 8 and 
16 hr after cerebral recirculation. 

Histological injury from the initial 5-min ischemic animals treated 
with MK-801 or saline varied considerably compared to the 15-min 
ischemic animals (see below). To minimize the risk of a Type II statis- 
tical error, an additional series of rats were subjected to 5 min of isch- 
emia and treatment with multiple doses of MK-801 (1 mg/kg x 3, n = 
78) or saline (n = 73) at the above time intervals. 

Physiologic monitoring. Mean arterial blood pressure, arterial oxygen 
and carbon dioxide partial pressures, pH, and plasma glucose concen- 
trations were measured serially in separate animals prior to saline or 
MK-801 therapy, 60-90 min after such treatment, during forebrain 
ischemia, and 1 hr after cerebral reperfusion. Tail artery cannulae were 
inserted in halothane anesthetized rats that were surgically prepared for 
4-vessel occlusion 24 hr earlier. Physiologic measurements were taken 
after the animals were allowed 3-4 hr to recover from halothane an- 
esthesia. 

Twelve animals were entered in this phase of the study. One saline- 
treated animal died during 4-vessel occlusion and, in another, the ar- 
terial cannula failed to provide an adequate pulse pressure for accurate 
blood pressure measurements. However, in the latter animal, sufficient 
blood could be collected for the measurement of the remaining physi- 
ologic variables. Two of 6 MK-801-treated rats were injected with 5 
mg/kg, i.p., and the remaining 4 animals received a dose of 1 mg/kg, 
i.p. Saline (0.1 ml) was administered intraperitoneally to the control 
animals. Histopathology was not assessed in these animals. 

Neuropathologic analysis. Three to seven days after cerebral recir- 
culation the animals were reanesthetized and their brains were perfu- 
sion-fixed with FAM (40% formaldehyde : glacial acetic acid : methanol, 
1: 1:8) via the ascending aorta. The cephalic circulation was washed 
briefly with heparinized physiologic saline prior to perfusion with FAM. 
The brains were left in situ at 4°C overnight. Coronal sections, 7-pm 
thick of paraffin embedded brain, were cut at several levels of the dorsal 
hippocampus and stained with hematoxylin and eosin. 

Ischemic neuronal damage to the left and right hippocampus of all 
animals treated with saline or MK-801 was quantified with the light 
microscope by observers blinded to the experimental conditions. Hip- 
pocampal damage was assessed by counting the number of histologically 
normal appearing CA1 neurons. Sections from at least 2 different co- 
ronal levels of dorsal hippocampus from each animal were examined. 
Irreversible ischemic damage was accepted in any neuron showing a 
shrunken appearance with eosinophilic cytoplasm and a dark, pyknotic 
staining nuclei, or in neurons that had progressed to “homogenizing 
changes” or a “naked nuclei” (Brierley, 1976; Brown, 1977). Neurons 
without such changes were classified as normal. The results were ex- 
pressed as the percentage of dead neurons by subtracting the number 
of normal CA1 neurons from the total CA1 neurons per coronal section 
and dividing by the total cell count. The total number of CA 1 neurons 
in 7-pm thick sections, representative of the same coronal levels used 
in the ischemic animals, were counted in 6 normal rats with the light 
microscope. 

Statistical analysis. Selection of the most appropriate statistical meth- 
od (i.e., parametric versus nonparametric) to analyze these data is com- 
plicated by the fact that percentage data are not normally distributed 
by nature (Zar, 1974), and the presence of unequal variances between 
some of the groups. Because parametric analysis theory is based on 
normally distributed populations with equal variances (Zar, 1974) most 
statistical textbooks (Zar, 1974; Armitage and Berry, 1987) recommend 
the use of nonparametric methods when either or both of these popu- 
lation characteristics are seriously violated. However, nonparametric 
analysis is somewhat less powerful than parametric methods and slightly 
increases the risk of introducing a Type II error, i.e., concluding that 
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Table 1. Number of animals subjected to 15 min of ischemia 

Treatment groups MK-801 (mg/kg) 

Multi- 
Saline 1 2.5 5 10 dose Totals 

Entered 14 10 8 18 6 6 62 
Noncriteria 1 1 2 3 0 0 I 
Died 0 2 2 I 6 1 18 
Available for histology 13 I 4 8 0 5 31 

no difference exists between groups when in fact one does. Efforts to 
normalize the distribution of our data with either arcsine (Zar, 1974) 
or logit (Armitage and Berry, 1987) transformations were successful for 
only 3 (15-min ischemia treated with either single- or multidose MK- 
801; 5-min ischemia treated with 0.3 mg x 3 MK-80 1) of the 6 separate 
study groups. Accordingly, we elected to analyze the results with both 
parametric and nonparametric methods, and to report significant dif- 
ferences obtained with either analysis at the (Y = 0.05 level. 

Data from the single-dose MK-801 treatment paradigms (see Table 
4) in which multiple treatment groups were tested against a single saline- 
treated control group were transformed to their arcsine and logit values 
and the latter were examined by analysis of variance and the Dunnett 
test for multiple comparisons. Nonparametric analysis on the untrans- 
formed data from the same studies was performed with the Kruskal- 
Wallis test; multiple comparisons were made with the Mann-Whitney 
U test using a Bonferroni correction. 

Parametric analysis of the multiple-dose MK-801 treatment para- 
digms (see Table 5) was performed on the arcsine- and logit-transformed 
data using the 2-tailed Student’s t test. The nontransformed values for 
these same data were analyzed nonparametrically with the Mann-Whit- 
ney U test. 

The differences between saline-treated control animals subjected to 
either 5 or 15 min of ischemia were tested for significance with the 
Mann-Whitney U test. Student’s t test for unpaired data was used to 
analyze differences in the physiological variance. 

The risk of a Type II statistical error for the 15-min ischemia animals 
was analyzed post hoc with 01 = 0.05 and fl = 0.80 (Cohen, 1977). A 
priori power analysis with the above O( and p values was used to deter- 
mine the number of 5-min ischemia animals necessary to detect a 15% 
difference between MK-801 and saline treatment. We used the initial 
22 animals subjected to 5 min of ischemia and saline treatment for the 
latter analysis. A 15% reduction in the number of dead CA1 neurons 
was selected as a target difference since this represents the minimum 
protection previously reported with NMDA antagonist therapy in global 
ischemia models (Buchan, 1990). The results indicated that 60 animals 
per group were required. 

Results 
All animals given MK-80 1 were behaviorally affected in a dose- 
dependent manner. Initial hyperactivity, stereotypy, and ataxia 
were followed by motor retardation, pupillary constriction, 
tremors, and salivation. At the 5- and lo-mg/kg doses, many 
of the animals were unable to right when placed on their sides. 

The combination of 4-vessel occlusion and MK-80 1 resulted in 
a high mortality from respiratory failure, especially in the 5- 
and lo-mg/kg groups. 

The numbers of animals entered into each of the studies and 
the final numbers available for histological analysis are sum- 
marized in Tables 1 and 2. The major cause of mortality in the 
MK-80 1 -treated animals was neurogenic pulmonary edema 
which developed during forebrain ischemia; of 6 animals treated 
with 10 mg/kg, none survived the ischemic insult (Table 1). 

Physiologic endpoint measures showed few significant differ- 
ences between saline- and MK-801-treated animals (Table 3). 
Treatment with MK-80 1 caused slight respiratory depression 
which was manifested prior to and after forebrain ischemia by 
mild hypercarbic acidosis. With the exception of the mean ar- 
terial blood pressure, physiologic variables were not different 
for the S-mg/kg- versus 1-mg/kg-treated animals; values other 
than the blood pressure for these animals were therefore pooled. 
Mean arterial pressure at 60-90 min after the 5-mg/kg MK-801 
dose was 123 and 132 Torr in the 2 animals so treated. These 
values were excluded from the analysis of blood pressure at this 
time point. Body temperature in the MK-80 1 -treated animals 
during and following forebrain ischemia was significantly (p < 
0.05) lower than the saline-treated animals. As described in 
Materials and Methods, body temperature was monitored and 
never allowed to fall below 37.5 f 0.5% in any of the animals. 
As previously reported in this model (Pulsinelli and Brierley, 
1979) forebrain ischemia caused an increase in arterial blood 
pressure, a rise in plasma glucose, hyperoxia, and hypocarbic 
alkalosis secondary to central hyperventilation. 

The mean + SD percentages of dead CA1 hippocampal neu- 
rons for all treatment groups are summarized in Tables 4 and 
5. In the single-dose pretreatment paradigms (Table 4, Fig. l), 
hippocampal damage in animals subjected to 15 min of ischemia 
(Fig. 1) and 5-mg/kg MK-801 therapy was slightly but signifi- 
cantly (p < 0.05) greater than the saline-treated controls. Five 
minutes of ischemia caused significantly less (p < 0.001) and 
more variable damage compared to animals exposed to 15 min 

Table 2. Number of animals subjected to S min of ischemia 

Treatment groups MK-80 1 (mg/kg) 

All Single dose Multidose 

saline 0.3 1 0.3 x 3 5.2.5. 2.5 1.0 x 3 Totals 

Entered 101 7 10 6 6 78 208 
Noncriteria 10 0 0 0 0 7 17 
Died 9 1 2 0 1 11 24 
Available for histology 82 6 8 6 5 60 167 
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Figure 1. Percentage of CA1 pyram- 
idal neurons with irreversible damage 
after single-dose MK-80 1 therapy and 
15 min of forebrain ischemia. The open 
andjilled circles represent the percent- 
age of dead cells in the left and right 
hippocampi, respectively, of each ani- 
mal. The squares with error bars rep- 
resent the means ? SD for each UOUD. 

1 ml/kg 
n=8 

SP <Ll NE MK-801 
Asterisk denotes significantly &eat& 
injury at the p < 0.05 level compared 
to the saline-treated group. 

of ischemia. No attenuation of injury was detected in any of the 
MK-801 treatment groups. Post hoc power analysis of the 15 
min ischemia data indicated we would have detected a difference 
as little as 7% between treatment groups had one existed. 

In the multidose treatment paradigms (Table 5, Fig. 2) no 
significant differences were observed between any of the MK- 
80 1- and saline-treated groups. One saline-treated animal in the 
15 min ischemia group suffered injury to only 10% of its CA1 
neurons. This animal was excluded from the mean value pre- 
sented in Table 5 but analysis of the data for significant differ- 
ences was not altered by inclusion or exclusion of this animal. 
Post hoc power analysis of the 15-min ischemia multidose data 
indicated that we would have detected a difference of 12% or 
greater between MK-801- versus the saline-treated groups. The 
variance of the 5-min ischemia animals was once again consid- 
erably greater than their 15-min counterparts. Power analysis 
of all initial 5-min ischemia animals treated with saline (n = 
22) indicated that at a! = 0.05 and /I = 0.80, 60 animals in the 
MK-801 and control groups would be necessary to detect a 
difference of 15% or greater between groups. The results of the 

. RIGHT SIDE OF EACH RAT 

0 LEFT SIDE OF EACH RAT 

0 GROUP MEAN +_ 8.D 

1 v/kg 
n=7 

2.5 mg/kg 
n=4 

5 mw’kg 
n=8 

latter study indicate that multiple 1 -mg/kg doses of MK-80 1 
fail to protect 85% of CA1 neurons following 5 min of ischemia. 

Discussion 
The excitotoxin hypothesis (Olney, 1978), which attributes neu- 
rotoxic properties to some amino acid neurotransmitters in pro- 
portion to their ability to excite neurons, has been embraced by 
the neurological community to help explain CNS injury from 
epilepsy, degenerative diseases, trauma, and hypoxia-ischemia 
(Rothman and Olney, 1986; Cotman and Iversen, 1987). More- 
over, the identification of pharmacological agents that block 
excitatory amino acid neurotransmitter receptors, particularly 
those affecting the NMDA receptor and its voltage-modulated 
channel, has stimulated efforts to develop new therapies to less- 
en brain damage from stroke and cardiac arrest. 

Our failure in this study to observe neuroprotection against 
forebrain ischemia by blockade of the NMDA receptor/channel 
complex cannot be attributed to inadequate receptor antagonist 
dosage, extraordinarily severe ischemic conditions, or lack of 
experience with the animal model. We chose one of the most 

Table 3. Physiological variables 

Mean art pres 
(Torr) 
VEH MK 

PO, (Torr) PCO, (Torr) 
VEH MK VEH MK 

PI-I 

VEH MK 
Glucose 
VEH MK 

Temp (“C) 
VEH MK 

Prior to Rx 

Post-Rx 
(60-90 min) 

During ischemia 

Postischemia 
(60 min) 

109.0 
(7.8) 
100.5 
(8.2) 
137.8 
(5.4) 
112.5 
(5.3) 

112.7 
(4.0) 

111.8 
(12.8) 

137.0 

(12.3) 

105.0 

(4.0) 

81.5 84.5 38.8 

(4.2) (5.1) (2.3) 
82.7 86.0 37.8 

(4.0) (7.2) (2.6) 
100.5 109.6 27.3 

(12.1) (15.8) (8.0) 
92.3 84.9 38.4 

(4.9) (8.5) (5.1) 

39.4 

(3.4) 
43.0** 

(4.2) 
28.5 

(7.9) 
42.2 

(3.2) 

7.43 

(0.02) 

7.44 

(0.02) 

7.53 

(0.09) 

7.43 

(0.03) 

7.40 139.4 

(0.03) (21.6) 

7.36* 134.8 

(0.05) (30.5) 

7.50 190.4 

(0.08) (19.7) 

7.37** 202.4 

(0.05) (35.8) 

132.0 

(13.3) 

150.7 

(23.5) 

180.0 

(34.6) 

203.8 

(69.9) 

38.7 

(0.4) 
38.5 

(0.9) 
38.6 

(0.8) 
38.3 

(0.5) 

38.5 

(0.5) 
37.9 

(0.9) 
37.6** 

(0.4) 
37.5** 

(0.5) 

All values are the mean + (SD). In the vehicle-treated groups n = 5 for all variables except for arterial pressure where n = 4; in the MK-Sol-treated groups n = 6 for 
all variables except for the arterial pressure where n = 4. The hematocrit prior to treatment was 42.4 * 4.0 and 42.7 + 2.0 for the vehicle- and MK-801-treated groups, 
respectively. Significantly different from the vehicle-treated group at *p i 0.01, **p < 0.05. 
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Table 4. Mean + SD percentage of dead CA1 neurons (single-dose MK-801) 

MK-80 1 (mg/kg) 

Saline 0.3 1 2.5 5 

15-min isch. 88 + 6 92 k 5 93 + 3 93 f 1* 

(8) (7) (4) (8) 
5-min isch. 41 2 25** 21 + 28 57 f 29 

(11) (6) (8) 

Values in parentheses equal n. 
*p < 0.05 compared to 15 min saline, (Kmskal-Wallis, Mann-Whitney U plus Bonferroni correction). 
**p < 0.001 compared to 15 min saline (Mann-Whitney U test). 

potent NMDA receptor/channel antagonists available, MK-80 1, 
and spanned the dose range reported by others (Gill et al., 
1987a,b; Church et al., 1988; Rod and Auer, 1989; Swan and 
Meldrum, 1990) to provide neuroprotection against forebrain 
ischemia. 

The particular rat model of transient forebrain ischemia used 
in this study was developed by us (Pulsinelli and Brierley, 1979; 
Pulsinelli and Dully, 1983) and it has been used extensively 
(Pulsinelli et al., 1982a,b; Buchan and Pulsinelli, 1990a) for over 
10 years. This model has been adopted and modified by other 
laboratories to meet a variety of needs. Consequently, it has 
been exceptionally well characterized from the standpoint of the 
temporal development of the histopathology (Pulsinelli et al., 
1982a; Kirino et al., 1984) and the severity and reproducibility 
of forebrain ischemia (Ginsberg, 198 1; Pulsinelli et al., 1982b; 
Todd et al., 1986; Schmidt-Kastner et al., 1989). In this partic- 
ular study we reduced the ischemic interval from 30 to 15 min, 
and finally to 5 min, to assure a submaximal insult as judged 
by the percentage of CA1 neurons killed. Despite such efforts 
to maximize the potential effect of NMDA receptor/channel 
blockade, we observed no protection with MK-80 1 therapy. 

The results of our study are consistent with other reports that 
MK-801 failed to alter the histopathologic or behavioral out- 
comes of rats (Wieloch et al., 1988), cats (Fleischer et al., 1989), 
dogs (Michenfelder et al., 1989) or primates (Lanier et al., 1990) 
subjected either to transient forebrain or global ischemia. In 
addition, no change in the histopathology of CA1 hippocampus 
was observed in rats subjected to forebrain ischemia and treat- 
ment either with the competitive antagonist, APH (Block and 
Pulsinelli, 1987; Jensen and Auer, 1989), or the noncompetitive 
antagonist, ketamine (Church et al., 1988; Jensen and Auer, 
1988). 

These negative studies contrast with those where protection 
against forebrain ischemia in rodents treated with competitive 
or noncompetitive NMDA receptor antagonists was found. 
Simon et al. (1984) reported approximately 37% reduction of 
injury to CA1 hippocampus of 4 rats subjected to 30 min of 
forebrain ischemia and intrahippocampal infusions of APH. 
More recent studies from the same laboratory, using only 10 
min of ischemia in rats, revealed a 2 1% reduction of CA 1 dam- 
age in the APH versus vehicle-treated hippocampi (Swan et al., 
1988). Other studies in the rat have also noted protection against 
transient forebrain ischemia with the noncompetitive NMDA 
antagonists, MK-801 (Gill et al., 1987b; Church et al., 1988; 
Rod and Auer, 1989; Swan and Meldrnm, 1990), or phency- 
clidine (Sauer et al., 1988). 

In gerbils, remarkable degrees of protection against ischemic 
injury to hippocampal neurons have been reported for the com- 

petitive NMDA antagonists, cis-4-(phosphonomethyl)-2-piper- 
idine-carboxylic acid (CGS) and 4-(3-phosphonopropyl)-2-pi- 
perazine-carboxylic acid (CPP; Boast et al., 1988) and for the 
noncompetitive antagonists, MK-801 (Gill et al., 1987a) and 
ketamine (Marcoux et al., 1988). MK-80 1 was found to be highly 
effective at preventing hippocampal cell loss at doses ranging 
from 0.1 mg/kg to 10 mg/kg, i.p., when given 1 hr prior to 
ischemia. 

In contrast to the discrepant data concerning NMDA receptor 
blockade in global or forebrain ischemia, there is a consensus 
that antagonists of this receptor/channel complex effectively 
reduce infarct volume in focal cerebral ischemia. Noncompeti- 
tive NMDA antagonist therapy in rats (German0 et al., 1987; 
Park et al., 1988), cats (Ozyurt et al., 1988), and rabbits (Stein- 
berg et al., 1988) given before or immediately after focal isch- 
emia significantly reduced the volume of cerebral infarction. 
The identical batch of MK-801 that failed to protect against 
global brain ischemia in this study was effective in reducing 
infarct volumes in spontaneously hypertensive rats (SHR, Dir- 
nagl et al., 1990) and Wistar rats (Buchan et al., 1989) subjected 
to focal cerebral ischemia. 

These conflicting data regarding the effects of NMDA antag- 
onism (i.e., in global/forebrain ischemia where the benefit of 
these compounds is controversial, and in focal ischemia where 
there is general agreement as to their efficacy) can largely be 
explained by considering 3 important variables which affect the 
histopathological outcome. 

The duration and magnitude of cerebral blood flow reduction 
(i.e., the severity of ischemia and the time required for matu- 
ration of histological injury) are 2 variables that largely deter- 
mine the nature, degree, and distribution of brain tissue injury. 

Table 5. Mean k SD percentage of dead CA1 neurons (multiple-dose 
MK-801) 

Saline 

15-min isch. 97 f 1 

(4) 
5-min isch. 39 + 29 

(6) 
62 + 33 

(5) 
30* 31 

(60) 
Values in parentheses equal n. 

MK-801 (mg/kg) 

0.3 x 3 5, 2.5, 2.5 1.0 x 3 

93 f 4 

(5) 
53 k 33 

(6) 
60 If: 29 

(5) 
36 + 32 

(60) 
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Figure 2. Percentage of CA1 pyram- 
idal neurons with irreversible damage 
after multiple-dose MK-80 1 (1 mg/kg 
x 3) therapy and 5 min of forebrain 
ischemia. The open circles represent the 
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It has been well established in rodents that 1 O-30 min of severe 
forebrain ischemia [i.e., blood flows less than 10 ml/100 gm/ 
min (Pulsinelli et al., 1982b, Smith et al., 1984b)], followed by 
several days of cerebral recirculation, typically injures only se- 
lective populations of highly vulnerable neurons (Pulsinelli et 
al., 1982a; Smith et al., 1984a; Kirino, 1982), for example, 
neurons in the CA1 zone of hippocampus. In contrast, the re- 
duction of blood flow in focal ischemia is more moderate [i.e., 
in the range of 15-35 ml/100 gm/min (Tyson et al., 1984; Bell 
et al., 1985; Brint et al., 1988)], but lasts longer than models of 
global ischemia. Focal cerebral ischemia typically causes a rapid 
(hours) pannecrosis (infarction) of brain tissue. 

The pathophysiological conditions associated with the mod- 
erate ischemia caused by occlusion of a single cerebral blood 
vessel (i.e., focal ischemia) may be more amenable to NMDA 
receptor/channel blockade (Siesjo and Bengtsson, 1989; Wie- 
loch et al., 1989) than those associated with severe global isch- 
emia. The mild to moderate reduction ofhigh energy phosphates 
observed in the periphery of focal ischemic zones (Selman et 
al., 1987; Kaplan and Pulsinelli, 1989) where infarcts are evolv- 
ing may, in conjunction with blockade of the NMDA-regulated 
calcium channel, prove adequate to maintain intracellular cal- 
cium ion homeostasis and thereby cell viability. However, since 
such conditions are unlikely to exist in brain subjected to the 
severe ischemia of animal models that accurately mimic the 
clinical conditions of cardiac arrest, antagonism of the NMDA 
receptor/channel alone may be inadequate to prevent the lethal 
influx of calcium ions. 

Measurements of hippocampal blood flow by one laboratory 
(Swan et al., 1988) where neuroprotection with NMDA antag- 
onists has been consistently observed (Simon et al., 1984; Swan 
et al., 1988; Swan and Meldrum, 1990) revealed mean values 
of approximately 33 ml/ 100 gm/min in vehicle- and APH-treat- 
ed rats during forebrain ischemia. This relatively moderate re- 
duction of blood flow is more consistent with the conditions of 
focal ischemia than with the complete or near-complete isch- 
emia necessary to mimic the conditions of cardiac arrest-related 
brain injury. Accepting that the NMDA antagonists can reduce 

1 ml/kgx3 1 mg/kgx3 

n=60 n=60 

SALINE MK-80 1 

brain injury from focal ischemia, one possible explanation for 
the neuroprotective effects of NMDA antagonists reported by 
some laboratories for global/forebrain ischemia really reflects a 
less-than-expected reduction of blood flow coupled with the 
ability of NMDA antagonists to protect against moderate but 
not severe ischemia. Unfortunately no other studies reporting 
protection with NMDA antagonists measured cerebral blood 
flow during the ischemic insult. The presence of an isoelectric 
EEG in some studies showing neuroprotection with NMDA 
antagonists (Swan et al., 1988; Sauer et al., 1988) is not an 
adequate index of the severity of ischemia. In our experience 
the EEG, monitored with surface electrodes, may be isoelectric 
when electrophysiological activity, and therefore considerable 
blood flow, remains in the underlying hippocampus. 

Brain temperature during the ischemic insult and during the 
early hours following cerebral reperfusion is the third important 
factor affecting the histopathological outcome. Busto et al. (1987, 
1989) have shown that a 2-4”C decline of brain temperature 
during or following transient forebrain ischemia in rats signif- 
icantly attenuates ischemic necrosis of neurons. The combina- 
tion of MK-80 1 and transient forebrain ischemia in gerbils caus- 
es a 2-3°C decline in mean body temperature, which lasts for 
many hours. If body temperature is maintained equally in the 
MK-801- and saline-treated gerbils during and after forebrain 
ischemia, then the neuroprotective effect observed with MK- 
801 therapy under ambient temperature conditions is lost 
(Buchan and Pulsinelli, 1990b; Corbett et al., 1990). 

Most of the studies reporting protection by the NMDA an- 
tagonists, especially those in gerbils (Gill et al., 1987a; Boast et 
al., 1988; Marcoux et al., 1988; Rod and Auer, 1989), neither 
maintained nor monitored body temperature. In others where 
body temperature was monitored (Church et al., 1988; Sauer et 
al., 1988; Swan et al., 1988), it is unclear whether normothermia 
was maintained equally in the vehicle- versus the drug-treated 
groups throughout both the ischemic and recirculation periods. 
We suggest that much but not all of the neuroprotection reported 
with these compounds in global brain ischemia is related to 
mild hypothermia. 
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Is it possible that a neuroprotective response to MK-801 in 
our study was overshadowed by neurotoxic properties of the 
NMDA antagonists at higher doses? Reversible vacuolization of 
cingulate and retrosplenial neurons at doses of MK-80 1 < 2.5 
mg/kg (Olney et al., 1989b, 1990; Allen and Iversen, 1990) and 
the necrosis of these same neurons at MK-801 doses of 5 mg/ 
kg or greater (Allen and Iversen, 1990) were never observed in 
other brain regions (Olney et al., 1989b, 1990; Allen and Iversen, 
1990). Since our histopathological analysis focused on the hip- 
pocampus and the bulk of our data came from animals treated 
with MK-801 doses of 2.5 mg/kg or less, we believe that the 
neurotoxic potential of MK-801 did not confound the results 
of our study. The mortality seen with higher doses of MK-801 
in our study resulted from acute respiratory failure occurring 
within minutes of the onset of ischemia and was not related to 
the slow degeneration of neurons over several days. 

In summary, this study has attempted to replicate the obser- 
vations that MK-801 protects hippocampal CA1 cells against 
transient but severe forebrain ischemia. Despite using relatively 
brief periods of ischemia, a well characterized model of transient 
forebrain ischemia, and several treatment paradigms of MK- 
801 spanning a dose range of 0.3-5.0 mg/kg, we found no pro- 
tective effect of this drug. We suggest that our failure to observe 
neuroprotection with MK-80 1 therapy reflects our maintenance 
of uniformly severe ischemia and normal body/brain temper- 
atures in both the vehicle- and MK-801-treated animals. 

We conclude that while the NMDA receptor/channel may be 
involved in mechanisms leading to brain injury from the con- 
ditions characterized by moderate blood flow reduction, and 
typical of those seen in focal cerebral ischemia, blockade of the 
NMDA receptor/channel during or after severe ischemia fails 
to protect against delayed injury to selectively vulnerable CA1 
hippocampal neurons. Moreover, because MK-801 is such a 
potent and relatively selective antagonist of the NMDA recep- 
tor/channel, the results weaken the hypothesis that excitatory 
amino acids play a singular role in mechanisms causing selective 
necrosis of neurons following circulatory arrest and severe global 
ischemia. We suggest that NMDA receptor/channel antagonists 
will not prove effective in reducing brain damage in patients 
following transient cardiac arrest. 
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