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Three non-competitive antagonists (MK-801, TCP, PCP) and one competitive antagonist (CPP) of N-methyl-D-aspartate (NMDA) 
receptors, were compared for their ability to antagonize neurotoxic actions of NMDA injected into the brains of 7-day-old rats. 
Unilateral intracerebral injection of NMDA (25 nmol/0.5/A) into the corpus striatum of pups consistently produced severe confluent 
neuronal necrosis in the striatum extending into the dorsal hippocampus and overlying neocortex. The distribution of damage 
corresponded to the topography of NMDA type glutamate receptors in the vulnerable regions. With this lesion in developing brain, 
the weight of the injected hemisphere 5 days later can be used as a quantitative measure of brain injury. Intraperitoneal 
administration of MK-801 (0.02-42.0/~mol/kg), TCP (3.5-54.0 ktmol/kg), PCP (1.0-41.0/tmol/kg), and CPP (1.0-60.0/~mol/kg) 15 
min after NMDA injection had prominent dose-dependent neuroprotective effects. MK-801 was 14 times more potent than other 
compounds tested and the 50% protective dose (PDs0, that dose which reduced damage by 50% relative to untreated 
NMDA-injected controls) was 0.63/~mol/kg. Corresponding values for CPP, PCP, and TCP were 8.84, 10.85, and 24.05/~mol/kg 
respectively. The lowest dose of MK-801 that provided significant protection was 0.2 k~mol/kg (0.04 mg/kg, 37.9 + 4.6% protection). 
Four/~mol/kg (0.8 mg/kg) of MK-801 completely protected against NMDA-mediated damage. The study provides the first direct 
in vivo comparison of the neuroprotective abilities of these compounds. Systemic administrations of MK-801, TCP, PCP, and CPP 
all limit NMDA-induced neuronal injury in this model. The susceptibility of the immature brain to the neurotoxicity of NMDA 
provides a sensitive, reproducible, and quantitative in vivo system for comparing the effectiveness of drugs with protective actions 
against excitotoxic neuronal injury. Similarities between the neonatal NMDA model of injury and experimental hypoxic-ischemic 
brain damage suggest that neuroprotective activity in this system may predict activity against hypoxic-ischemic neuronal injury. 

INTRODUCTION 

The excitatory amino acids (EAA) ,  glutamate and 

related compounds,  mediate their physiological re- 
sponses in brain by interacting with at least 3 
receptor subtypes, named by their preferential agon- 

ists, N-methyl-o-aspartate (NMDA),  quisqualic ac- 
id, and kainic acid. Excessive excitation of E A A  
receptors can result in neuronal calcium overload, 
neuronal injury and death 4'39'45. Recent studies 

implicate N M D A  receptor channel activation as an 
important  mechanism in the pathogenesis of neuro- 
nal injury in hypoxia-ischemia 34'43'44'46, hypogly- 

cemia 5a, sustained seizures 8'37"47 and chronic neuro- 

degenerative diseases 15'42. N M D A  receptor ligands 

activate a calcium permeable cationic channel 2s that 
is gated by magnesium (Mg) 3a'38, in a voltage- 

dependent manner xa'29. Response to N M D A  is 

enhanced by glycine 2° and is non-competitively 

blocked in an activity-dependent manner by phency- 
clidine (PCP) receptor ligands including MK-801 

((+)-5-methyl-10,11-dihydro-SH-dibenzo[a,d]cyclo- 

hepten-5,10-imine maleate) and the dissociative an- 
esthetic class of compounds 21'31. There are two 

requirements for channel activation: (1) agonist 
binding to N M D A  receptor and (2) sufficient mem- 
brane depolarization to relieve the Mg blockade. 
Virtually identical anatomical distributions of 
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NMDA, PCP, and glycine receptors in the mamma- 
lian forebrain 2"9'J~'3" and evidence of interactions 
between these receptors suggest that they may be 
components of the same receptor-ion channel 
complex 19,41" 

NMDA antagonists can reduce neuronal injury 
resulting from experimental hypoxia-ischemia 1"14 
34.4~, hypoglycemia52 and sustained seizures 24 in in 

vivo animal models. Development of additional 
potential neuroprotective compounds would be fa- 
cilitated by a reproducible, cost-effective, quantita- 
tive system in which to compare neuroprotective 
effects of these compounds. The use of in vivo 
models of excitatory neuronal injury has been 
limited by their variability and by complexity in 
quantifying tissue damage. 

Based on the observation that neurotoxicity of 
NMDA is enhanced in the immature brain compared 
to adult 35, we developed an in vivo neonatal rodent 
model of NMDA-induced brain injury that provides 
a quantitative system for evaluating potential neu- 
roprotective compounds 33. Here we used the 
method to compare neuroprotective effects of MK- 
801 directly to related non-competitive (PCP, TCP) 
and competitive (CPP) NMDA antagonists. 

MATERIALS AND METHODS 

lntracerebral injections of NMDA were per- 
formed in 7-day-old male and female Sprague- 
Dawley albino rat pups briefly but deeply anesthe- 
tized with ether, as described previously 33. The 
calvarium was exposed by a midline incision through 
the skin. Pups were positioned in a plaster of Paris 
mold of the head and body. Intracerebral stereotaxic 
injections (Kopf small animal apparatus) were done 
using a Hamilton syringe with a 26 gauge needle. All 
intracerebral injections were in the posterior stri- 
atum. Coordinates were anteroposterior (AP) 2.0 
ram, mediolateral (ML) 2.5 mm, at a depth of 4 mm 
from the dura using bregma as a landmark. The 
needle was left in place for two rain following 
injections to limit leakage. 

NMDA (Sigma) was dissolved in 0.01 M Tris, pH 
7.4. Pups received either NMDA (25 nmol/0.5 M) or 
vehicle (0.5/A) intrastriatally. In preliminary studies, 
25 nmol NMDA produced the optimum level of 
damage while maintaining a low level of mortality. 

Neuroprotective compounds, dissolved in phos- 
phate-buffered saline (PBS, pH 7.4), were injected 
intraperitoneally (i.p.) in 0.05 ml 15 min after 
intracerebral injection of NMDA. Control animals 
received equal vols. of PBS. The timing of treatment 
chosen allows partial recovery from anesthesia prior 
to administration of the neuroprotective compound. 

Three non-competitive (MK-801, TCP, PCP) and 
one competitive (CPP) NMDA antagonist were 
tested in the following dose ranges (dosages are in 
/Jmol/kg and were converted from the original doses 
tested (in mg/kg) for purpose of comparison): 
MK-801 (0.02-41.7), TCP (3.5-54.2), PCP (1.0- 
41.1), CPP (1.0-60.0). Six to ten animals were tested 
at each dose. Three to four NMDA-injected, saline- 
treated littermate controls were included at each 
dose tested. Total numbers of animals used were: 
MK-801 (n = 48), TCP (n = 51), PCP (n = 41), CPP 
(n = 56), NMDA-injected saline-treated controls (n 
= 75). 

Subsequent to a 1-h recovery period following 
treatment, the pups were returned to the dam for 5 
days. On Day 12 the animals were sacrificed by 
decapitation and their brains were removed and the 
forebrain separated from the cerebellum and brain- 
stem. The two cerebral hemispheres were separated, 
weighed, and placed into 10% phosphate buffered 
formalin followed by a 30% sucrose/phosphate- 
buffered formalin solution. Representative 50 /~m 
frozen microtome coronal sections were stained for 
Nissl substance with Cresyl violet. 

Data analysis 
The hemisphere weight disparities were compared 

for each animal using the formula 100(C-  1)/C, a 

value reflecting the degree of damage (% damage) 
of the injected hemisphere (I) relative to the 
contralateral hemisphere (C). The data were ex- 
pressed as percent protection (mean -+ S.E.M.) for 
each experimental group using the formula: 

% Protection = 

100[  Oamage oru  troatod  ] 
% Damage(NMDA-injected controls) 

% Damage values for experimental groups that 
received an NMDA antagonist and NMDA were 
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compared with control groups that received PBS and 

NMDA. In this model, % damage is linear up to 30 
nmoi NMDA and corresponds closely with histolog- 
ical and neurochemical markers of neuronal injury 
(manuscript in preparation). 

The doses that produced 50% protection (protec- 

tive dose 50, PDso ) were determined by the method 
of Litchfield and Wilcoxon 27. Statistical comparisons 

consisted of two-tailed independent t-tests and one- 
way analysis of variance (ANOVA). The dependent 
variable in all tests was % damage except where 
noted otherwise. NMDA-injected controls from 
individual experiments were pooled for statistical 
comparisons, since there were no significant differ- 
ences among the individual groups in the severity of 

injury (ANOVA). 

Materials 
NMDA was obtained from Sigma (St. Louis, 

MO). MK-801 ((+)-5-methyl-10,11-dihydro-5H-di- 
benzo[a,d]cyclohepten-5,10-imine maleate) was a 
gift from Dr. P. Anderson (Merck, Sharp and 
Dohme, West Point, PA). TCP (1-[1-(2-thienyl)- 
cyclohexyl]piperidine HC1) and PCP (1-[1-phenylcy- 
clohexyl]piperidine HCI) were gifts from Dr. Dom- 
ino (Univ. of Mich., Ann Arbor,  MI). CPP (3- 
((+)-2-carboxypiperazine-4-yl)-propyl-l-phosphonic 
acid) was obtained from Tocris Neuramin, Essex, 
U.K.).  

RESULTS 

Unilateral intracerebral injection of NMDA (25 
nmol) into 7-day-old rats resulted in prolonged tonic 
and tonic-clonic seizures and in animals sacrificed 5 
days later this dose consistently produced extensive 
cellular necrosis, prominent gliosis, tissue loss and 
hemisphere deformity on the injected side (Fig. 1). 
Neuronal destruction was confluent in glutamate 
receptor rich regions and within or directly adjacent 
to the injection site: corpus striatum, dorsal hippo- 
campus and overlying neocortex. Tissue damage was 
always confined to the injected hemisphere. The 
weight of the injected hemisphere relative to the 
non-injected hemisphere was reduced by an average 
of 28.7 + 1.2% in NMDA-injected saline-treated 
controls (n = 75). In these NMDA-injected controls, 
there was a 5% mortality rate. A similar injection of 

vehicle produced no signs of neurotoxicity histolog- 

ically or quantitatively (% damage = -0.6 + 0.7%, 

n = 5). 
MK-801, TCP, PCP and CPP all produced a 

dose-dependent neuroprotective effect when in- 
creasing dosages were administered i.p. 15 min after 
unilateral intracerebral injection of 25 nmol NMDA 
(Fig. 2). The degree of damage as assessed by 
hemisphere weight disparities (% damage) corre- 
sponds closely to histological signs of neuronal injury 
(manuscript submitted for publication). MK-801 was 

Fig. 1. Comparison of Nissl-stained coronal brain sections at 
the level of the dorsal hippocampus from rat pups that 
received i.p. injections (0.05 ml) of either MK-801 (0.6 
/~mol/kg (0.8 mg/kg), panel B) or saline (panel A) 15 min after 
intrastriatal injection of NMDA (25 nmol/0.5/~1) on day 7. 
Pups were sacrificed 5 days later. Panel A demonstrates the 
unilateral neuropathologic lesion that results from intrastriatal 
injection of 25 nmol NMDA. Typically, the lesion extends into 
the dorsal hippocampus and overlying neocortex. In contrast, 
panel B demonstrates that there is little evidence of neuronal 
injury in animals post-treated with MK-801. A similar level of 
protection was achieved with a 47 ~mol/kg dose of TCP. CPP 
and PCP when administered similarly failed to completely 
protect the brain histologically. In saline-treated NMDA- 
lesioned pups there were signs of reactive gliosis near the 
injection tract and the striatal size was reduced in the injected 
hemisphere compared with the other side. Scale bar = 2 ram. 
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Fig. 2. Quantitative comparison of neuroprotective effects of increasing dosages of the NMDA antagonists MK-801, TCP, PCP, and 
CPP against NMDA-induced neuronal damage assessed by comparison of hemisphere weight disparities in brains of 12-day-old rat 
pups. Neuroprotective drugs were administered (i.p. injection, 0.05 ml) 15 min after intrastriatal injection of NMDA (25 nmol/0.5 
/~1) in 7-day-old rats. Pups were sacrificed 5 days later. Percent protection refers to the hemisphere weight disparities of 
neuroprotectant-treated pups that had received unilateral NMDA injections compared to values of saline-treated NMDA-injected 
controls (see Materials and Methods for details). All drugs produced a dose-dependent neuroprotective effect against NMDA 
neurotoxicity. 

the most potent  neuroprotectant  tested with a 50% 

protective dose (PDs0: dose required to reduce 
damage by 50% relative to NMDA-injected con- 

trols) of  0 .625/ tmol/kg (Table I). Nine dosages of 
MK-801 were tested ranging from 0.02 to 41.7 
/~mol/kg (Fig. 2). The lowest dose that was signifi- 

cantly neuroprotective was 0.21 ~tmol/kg (% protec- 
tion: 37.9 + 4.6% MK-801 treated, n = 8, P < 
0.001). At  this dose, however, pups still manifested 
behavioral signs of severe seizures. Intermediate 
doses that completely blocked behavioral signs of 
seizures were not entirely neuroprotective. Maximal 

and complete neuroprotection was achieved at a 
dose of  4 .2/ tmol /kg (equivalent to 0.8 mg/kg; Fig. 
1). Higher doses were equally effective, however, 
the highest dose tested (41.6 ~mol/kg) produced a 
70% rate of mortality compared to 5% among 

NMDA-injected controls. The increase in mortality 

TABLE I 

50% Protective dose against NMDA neurotoxicity 

Doses of neuroprotective compounds required to achieve 50% 
protection (PDs0) against neuronal injury in rats injected 
intrastriatally with NMDA (25 nmol/0.5 /~1) on day 7. 
Neuroprotective drugs were administered i.p. 15 min after 
NMDA injection. Pups were sacrificed 5 days later and 
neuroprotection was assessed by comparison of cerebral 
hemisphere weight disparities. 95% Confidence intervals for 
each PDs0 are indicated in parentheses. 

PD5o (l~mol/kg) 95% Confidence interval 

MK-801 0.625 (0.216, 1.810) 
CPP 8.835 (3.926, 19.884) 
PCP 10.847 (5.586, 21.064) 
TCP 24.052 (17.067, 33.895) 



TABLE II 

Maximum protection against NMDA neurotoxicity 

Maximum level of neuroprotection achieved by NMDA 
antagonists and doses required. NMDA was injected unilater- 
ally into the posterior striatum of 7-day-old rats. Neuroprotec- 
tive compounds were administered i.p. 15 min later. Pups were 
sacrificed 5 days later and neuroprotection was assessed by 
comparison of hemisphere weight disparities between treated 
and untreated NMDA-injected pups. Values in parentheses are 
levels of protection achieved at doses that increased mortality 
rate above that for NMDA-injected controls. *Vs MK-801, P < 
0.05; **vs MK-801, P < 0.005; ÷vs PCP, P < 0.01. 

Maximum protection (%) Dose (l~mol/kg) 

MK-801 94.89 + 3.95 4.17 
CPP 84.42 + 3.03* 51.38 
PCP 69.05 + 5.57 20.54 

(79.36 -+ 1.18)** (30.82) 
TCP 88.80 + 4.74 + 47.05 

(91.00 + 3.38) (54.22) 

was not the result of immediate toxicity to MK-801 
but rather pups died 2-3 days after treatment. Brain 
size was also reduced in pups that received this dose 
(unpublished observation). 

TCP was the least potent neuroprotective agent 
with a PDs0 of 24.1/~mol/kg (38 times less potent 
than MK-801; see Table I). The two lowest doses 
tested failed to produce significant neuroprotection 
(3.5/~mol/kg, -7.5 + 8.4% protection; 14.0 pmol/kg, 
10.2 + 8.6% protection). The higher of the two 
doses (14.0 /~mol/kg) eliminated the behavioral 
seizures induced by intracerebral injections of 
NMDA. Intermediate dosages (26.2 and 35.0 pmol/ 
kg) prevented confluent neuronal necrosis, although 
the weight of the injected hemisphere was still 
reduced relative to the contralateral hemisphere. 
Maximal neuroprotection achieved was 91.0 + 3.4% 
protection at 54.2 pmol/kg (P < 0.001) and was not 
significantly different from the maximal protection 
attained by MK-801 or CPP (Table II). The same 
dose of TCP produced respiratory depression and 
extended periods of apnea. As a result there was a 
slight increase in mortality (12%). Similar neuropro- 
tection resulted from a lower dose of TCP that did 
not increase mortality (89.0 + 4.7% protection, 35.0 
~mol/kg dose, P < 0.001). 

PCP was tested at doses ranging from 1 to 41 
/~mol/kg and was 50% protective at a dose of 10.8 
/~mol/kg (17 times less potent than MK-801, Table I). 
The lowest dose tested partially eliminated the 

37 

behavioral signs of seizures but was not protective (1 

/~mol/kg,-11.9 + 10.5% protection). 4.1 /~mol/kg 

was the lowest significantly neuroprotective dose 
examined (35.1 + 12.1% protection, P < 0.01). 
Maximal neuroprotection achieved without in- 
creasing mortality was 69.0 + 5.6% protection at a 
20.5 pmol/kg dose (Table II). A dose of 30.1/~mol/kg 
resulted in 79% protection while increasing the 
mortality rate to 30%. The maximum neuroprotec- 
tion achieved by PCP was significantly lower than 
that for both MK-801 and TCP (% protection: 79.3 
+ 1.2%, 30.8 pmol/kg PCP, n = 7 vs 95.0 + 4.0%, 
4.2/~mol/kg MK-801, n = 8, P < 0.005; vs 89.8 + 
4.7%, 47.0/~mol/kg TCP, n = 8, P < 0.01) but did 
not differ from the maximally effective dose of CPP. 
The highest dose tested resulted in respiratory 
depression and prolonged apnea. The same dose 
reduced the neuroprotective effect of PCP (45 + 
26.4% protection) and produced a 70% mortality 

rate. 
CPP was 14 times less potent than MK-801 in 

protecting against NMDA-induced neuronal injury 
(PDso = 8.8 pmol/kg, Table I). Dosages tested up to 
8 ~mol/kg were unable to reduce the severity of 
NMDA-mediated behavioral seizures. The lowest 
dose to significantly reduce neuronal injury as 
assessed by hemisphere weight was 4/~mol/kg (48.2 
+ 4.9% protection, P < 0.001). A 20.0/tmol/kg dose 
of CPP completely eliminated seizure activity and 
prevented confluent cellular injury (70.6 + 4.7% 
protection). The maximal level of neuroprotection 
achieved by CPP was significantly lower than that for 
MK-801 (% protection: 84.4 + 3.0% CPP, 51.3 
pmol/kg, n = 9 vs 95.0 + 4.0% MK-801, 4.2 
pmol/kg, n = 8, P < 0.05) but did not differ from the 
maximum neuroprotection of TCP or PCP (Table 
II). Doses of CPP tested that were greater than the 
maximally effective dose increased mortality slightly 
(12% mortality rate). 

DISCUSSION 

This study represents the first direct comparison 
of the neuroprotective characteristics of these 
NMDA antagonists in an in vivo system. The 3 
non-competitive NMDA receptor antagonists, MK- 
801, TCP, PCP, and the competitive NMDA recep- 
tor antagonist, CPP, all reduced NMDA-induced 
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brain injury in a dose-dependent fashion when 
administered 15 min after a unilateral intracerebral 
injection of a fixed dose of NMDA (25 nmol) in 
7-day-old rats. Based on the doses that were 50% 
protective, the rank order of neuroprotective po- 
tency was MK-801 > CPP ~> PCP > TCP. MK-801 
was 14 and 17 times more potent than CPP and PCP 
and was 38 times more potent that TCP. The potency 
trend observed between the non-competitive antag- 
onists is in general agreement with other pharmaco- 
logical and electrophysiological experiments with the 
exception that PCP was more potent than TCP 11" 
53.54. Pharmacological studies indicate that the affin- 

ity of TCP for the PCP receptor is 4-10-fold greater 
than the corresponding value for PCP 16"5°'54. It is 

possible that differences in distribution, brain entry 
and duration of action between PCP and TCP may 
explain, in part, the results obtained. However, in 
the present study both compounds appeared similar 
with respect to their time of onset and duration of 

action. Behaviorally, all compounds tested reduced 
seizure activity within minutes of i.p. administration 
and these effects typically endured for 24 h at 
intermediate drug doses. Alternatively, the addi- 
tional receptor interactions of PCP might explain the 
reversal in neuroprotective potencies observed be- 
tween TCP and PCP in comparison to their affinities 
for the PCP receptor. TCP is a relatively selective 
ligand for the PCP receptor in contrast to PCP which 
also has an appreciable affinity for the haloperidol- 
sensitive o-opioid receptor. PCP exhibits a 10-fold 
selectivity for the PCP receptor over the o-receptor 
whereas TCP has a 500-1000-fold selectivity 16'23. 

CPP has a low micromolar affinity for the NMDA 
receptor and is one of the most selective and potent 
competitive NMDA antagonists 1°'36. The finding 

that MK-801 is more potent than CPP in antagoniz- 
ing NMDA neurotoxicity is consistent with the 
activities of these compounds in blocking NMDA- 
mediated depolarization of motor neurons 3. 

Significant differences in the maximum protection 
against NMDA damage were observed between 
these compounds. MK-801 and TCP were com- 
pletely neuroprotective whereas CPP only achieved 
84% protection. PCP was least effective (69% 
protection). MK-801 achieved complete protection 
at a dose 10-fold lower than the doses required by 
the other antagonists to achieve their maximal 

neuroprotection. The effectiveness of CPP and PCP 
were limited due to the increase in mortality ob- 
served at doses required to achieve near complete 
protection. 

All compounds tested produced muscle relax- 
ation, sedation and reduced the behavioral signs of 
seizures 7'26"49. At the highest doses tested, each 

compound depressed respiratory function and re- 
sulted in prolonged periods of apnea leading to an 
increase in mortality relative to NMDA-injected 
controls. Using the ratio of the dose that produced 
50% protection relative to the dose that began to 
produce an increase in mortality, MK-801 had the 
most favorable therapeutic window, PCP and TCP 
the worst, and CPP was intermediate. There was a 
70-fold dose range over which MK-801 was over 
50% neuroprotective whereas similar dose ranges 
for CPP, PCP, and TCP were 7-, 3-, and 2-fold 
respectively. 

These results are in agreement with other in vivo 
reports indicating that MK-801 can attenuate 
NMDA-induced brain damage although the present 
study provides the first comparison to other NMDA 
antagonists 13'14'33'34. However, in adult rats, a much 

larger (10 mg/kg i.p.) pretreatment dose of MK-801 
was required to completely prevent neuronal degen- 
eration in the hippocampus caused by direct intra- 
cranial injection of 20 nmol NMDA 13. In the present 
study, 1 mg/kg MK-801 given 15 min after intrastria- 
tal injection of NMDA completely prevented 
NMDA-induced damage as assessed both histologi- 
cally and quantitatively by comparing hemisphere 
weight disparities. NMDA antagonists may be more 
effective in immature animals compared to adults 48. 

Developmental alterations in the pharmacokinetics 
of MK-801 may account, in part, for the obtained 
results. MK-801 is 5 times more potent than PCP in 
preventing NMDA-induced neurotoxicity in in vitro 
chick retinal cultures 4°. This is in contrast to the 
findings in the present study in which MK-801 was 17 
times more potent than PCP in preventing NMDA 
neurotoxicity. However, inference from in vitro 
studies to effects in in vivo studies is difficult. Several 
other reports have shown that a wide variety of 
NMDA antagonists can prevent in vitro NMDA and 
glutamate-mediated neurotoxicity in cortical neuro- 
nal cultures 5'6. 

Our results demonstrate the sensitivity of this 
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system for distinguishing in vivo pharmacological 
potencies and efficacies of closely related glutamate 
antagonist compounds. 

N M D A  receptor  antagonists  are also effective in 

a t tenuat ing hypoxic-ischemic neuronal  injury. MK- 

801 can reduce the histological and neurological  

signs of hypoxic-ischemic neuronal  injury in vivo in 

a variety of different  animal models  of cerebral  
hypoxia- ischemia t7'22"34. A prel iminary repor t  sug- 

gests that  MK-801 is more  effective than PCP in 

protect ing against histological signs of ischemic 

neuronal  degenera t ion  in the gerbil h ippocampus aS. 

In a similar model  evidence indicates that  CPP is also 

effective in prevent ing ischemic neuronal  damage 1. 

In addi t ion,  N M D A  antagonists a t tenuate  anoxic 

neuronal  injury in vitro in neocort ical  cultures 5. 

Similarit ies be tween N M D A - m e d i a t e d  and hyp- 

oxia- i schemia-media ted  neuronal  injury suggest that 

compounds with neuroprotective activity in this 
preparation may also be active against hypoxic- 
ischemic neuronal injury. If this hypothesis is vali- 
dated, the N M D A  neonata l  mode l  may provide  

several  advantages compared  with more  variable 

hypoxia-ischemia systems. 
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