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Abstract—MK-801, a non-competitive antagonist of N-methyl-p-aspartate-type glutamate receptors, was
tested for its ability to antagonize excitotoxic actions of N-methyl-p-aspartate or quisqualic acid injected
into the brains of seven-day-old rats, Stereotaxic injection of N-methyl-p-aspartate (25 nmol/06.5 ul) or
quisqualic acid (100 nmol/1.0 ul) into the corpus striatum under ether anesthesia consistently produced
severe unilateral neuronal necrosis in the basal ganglia, dorsal hippocampus and overlying neocortex. The
distribution of the damage corresponded to the topography of glutamate receptors in the vulnerable
regions demonstrated by previous autoradiographic studies. N-Methyl-p-aspartate produced severe,
confluent neuronal destruction while guisqualic acid typically caused more selective neuronal necrosis.
Intraperitoneal administration of MK-801 (0.1-1.0 mg/kg) 30 min before N-methyl-D-aspartate injection
had a prominent dose-dependent neuroprotective effects as assessed morphometrically by comparison of
bilateral striatal, hippocampal and cerebral hemisphere cross-sectional areas five days later. A 1 mg/kg
dose of MK-801 given as pre-treatment completely protected the infant brain. The same dose of MK-801
was also completely protective when administered 30 or 40 min after N-methyl-p-aspartate and afforded
partial proiection when given 2 h later. MK-801 pre-treatment also prevented the electrically confirmed
behavioral seizures induced by N-methyl-D-aspartate. The drug significantly reduced striatal but not
hippocampal or neocortical injury when given as two doses (I mg/kg) 30 min prior to and immediately
following quisqualic acid injection.

The data indicate that systemic administration of MK-801 can prevent N-methyl-pD-aspartate-induced
neuronal injury in perinatal rat brain even when administered after the initial insult. MK-801 also partially
antagonized quisqualic acid-mediated neurotoxicity, suggesting that quisqualic acid-induced toxicity is,
in part, mediated through N-methyl-p-aspartate receptor activation. The sensitivity of the developing
brain to the toxicity of N-methyl-D-aspariate provides a sensitive and reproducible in vive model for
exploring these issues and for screening prospective neuroprotective drugs that act at the N-methyl-D-
aspartate receptor-channel complex.

The excitatory amino acid {(EAA) receptor subtypes,
specific for N-methyl-p-aspartate (NMDA), quis-
qualate and kainate are uniquely distributed in the
developing and mature brain and are distinguished
by biochemical,’*** electrophysiological*****? and
pharmacological criteria.®'®!*¥” Each of the receptor
subtypes may mediate physiologic excitatory neur-
onal responses but under conditions of excessive
receptor activation, agonists for these receptors are
capable of initiating a cascade of events resulting in
neuronal death in both the adult®#** and immature
brain.™*#< The NMDA-preferring receptor subtype
has been best characterized electrophysiologically

9 To whom correspondence should be addressed.

Abbrevigtions: APH, 7-aminophosphonoheptanoic acid;
EAA, excitatory amino acid; EEG, electroencepha-
logram; MK-801, {(+)-5-methy!-10,11-dihydro-5H-di-
benzo[a,dlcyclohepten-5,10-imine meleate}; NMDA,
N-methyl-D-aspartate; PBF, phosphate-buffered forma-
lin; PBS, phosphate-buffered saline.
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and biochemically (for review see Ref. 8). NMDA
activates a calcium-permeable cationic channel’
that is gated by Mg®* ¥ in a voltage-dependent
manner.'*”” The NMDA response is enhanced by
glycine” and is non-competitively blocked in a use-
dependent manner by phencyclidine receptor ligands
including {(+)-5-methyl-10,11-dihydro-5H-dibenzo-
{a.d)cyclohepten-5,10-imine meleate} (MK-801)° and
the dissociative anesthetic class of compounds.”*
Furthermore, the distributions of NMDA and phen-
cyclidine receptors in the mammalian forebrain are
identical.” This finding, taken together with pharma-
cological evidence of interactions between these
two receptor sites, suggests that NMDA and phen-
cyclidine receptors may be components of the same
receptor-ion channel complex.

Excessive NMDA receptor activation has been
implicated in neuronal damage resulting from
hypoxia-ischemia;**%*47 hypoglycemia® and sus-
tained seizures.™* Simon et al.¥ first reported that
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pre-treatment with the competitive NMDA receptor
antagonist 7-aminophosphonoheptanoic acid (APH)
reduced acute ischemic hippocampal damage in
vivo. Recent reports indicate that MK-801, a non-
competitive NMDA antagonist acting at the phen-
cyclidine site associated with the NMDA receptor—
channel complex, is a potent neuroprotectant,
reducing hypoxic-ischemic damage in vivo even when
given after the initiation of the insult in both the
immature" and adult brain."” Furthermore, MK-801
selectively attenuates neuronal damage in adult rats
caused by intracercbral injection of NMDA but not
kainic acid." This evidence suggests that neuronal
damage in conditions related to glutamate toxicity
is mediated, in part, by excessive NMDA receptor—
channel activation.

Several observations suggest that glutamate recep-
tors and the severity of neurotoxicity mediated by
glutamate analog undergo major changes during
postnatal development. A dense pattern of glutamate
receptors in the globus pallidus and basal forebrain
of rodents develops soon after birth and is greatly
diminished in adults.®® In contrast to the adult, the
neonatal brain is relatively insensitive to kainic acid’s
neurotoxic effects.’ However, neonates are relatively
more sensitive to the neurotoxic effects of quisqualic
acid and NMDA. % In order to examine the neuro-
protective effects of MK-801 during development, we
tested the ability of MK-801 to antagonize NMDA-
or quisqualic acid-induced neurotoxicity in neonatal
rats.

EXPERIMENTAL PROCEDURES

Seven-day-old male and female Sprague-Dawley albino
rat pups (Charles River, MI), maintained on a 12h:12h
light:dark cycle, were used for these experiments and were
housed with the dam at all times except for a 2-h experimen-
tal period. Intracerebral injections of excitotoxins were
performed in seven-day-old pups briefly but deeply anes-
thetized with ether.* A midline cranial incision was made
through the skin to expose the calvarium. Drugs were
administered under stereotaxic guidance (Kopf small animal
apparatus) using a Hamilton syringe with a 26-gauge needle.
Pups were positioned in a plaster of Paris mold of the head
and body. All intracerebral injections were directed into the
posterior corpus striatum. Coordinates were AP 2.0 mm,
ML 2.5 mm, at depth of 4.0 mm from the dura using bregma
as a landmark. The needle was left in place for 2min
following injections to limit leakage.

Drugs were dissolved in 001 M Tris, pH7.4. Pups
received either NMDA (25 nmol/0.5 ul), quisqualic acid
{100 nmol/1.0 ul) or vehicle {0.5 u) intrastriatally, MK-801
dissolved in phosphate-buffered saline (PBS, pH 7.4) was
injected intraperitoneally (i.p.) in 0.05ml. Control animals
received equal volumes of PBS.

Two groups of MK-801 treatment protocols were used to
assess neuroprotection using NMDA: (1) administration of
a single dosage of MK-801 (0.1, 0.25. 0.5, 1.0 mg/kg; n =9,
7. 13, 8, respectively) 30 min prior to intrastriatal NMDA
injection; (2) a single dose (I mg/kg) at different time
intervals in relation to NMDA injection (—30, +30, 40,
{20 min; n =8, 5. 5. 6. respectively). A third protocol
was used in which two doses of MK-801 were administered
(each 1 mg/kg). the first 30 min before and another immedi-
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ately following intrastriatal quisqualic acid administration
(n = 6). Four additional groups served as controls: intra-
striatal NMDA +i.p. PBS (n = 28), intrastriatal vehicle +
i.p. PBS (n = 5), intrastriatal vehicle + i.p. MK-801 (n = 7)
and intrastriatal quisqualic acid + i.p. PBS (n =4). Appro-
priate littermate controls were included in each experiment
on each day.

All pups were subsequently returned to the dam for
five days and were decapitated on day 12. A five-day
survival period allows sufficient time for brain edema to
resolve (unpublished observations). Their brains were
removed and placed sequentially into [0% phosphate-
buffered formalin (PBF) followed by a 30% sucrose/PBF
solution. Fifty-micron frozen microtome coronal sections
were stained for Nissl substance with Cresyl Violet. Tissue
damage was assessed qualitatively by light microscopy and
quantitated by measurement of cross-sectional areas of
corpus striatum, dorsal hippocampus and cerebral hemi-
sphere using a video-based computer-aided image analyser.
For each animal, measurements were made bilaterally in
four coronal sections through each individual structure
corresponding to 0.7, 1.0, 1.3, 1.6 mm (striatum, cerebral
hemisphere) and 2.6. 2.8, 3.0, 3.2 mm (hippocampus) caudal
to bregma. The four measures for each structure were
summed within animals by hemisphere and transformed by
the formula 100 x (C — [/C) into a term reflecting the
degree of damage (% damage) of the structure in the
injected hemisphere relative to the contralateral structure. C
and [ refer to the cross-sectional areas of anatomical
structures contralateral (C) and ipsilateral (7) to the lesioned
hemisphere. The data were expressed as percentage protec-
tion {mean -+ 8.E.M.) for each experimental group using the
following formula:

=1 yC control

T - 1))C MK-801
% protection = IOO[I ~—<(( )] - )}

Values for experimental groups that received MK-80! and
an excitotoxin were compared with control groups that
received an excitotoxin and saline.

Cortical electroencephalograms (EEGs) were recorded
from seven-day-old rat pups at | (n=12)and 4 (n =8) h
after intracerebral injections of 25 nmol/0.5 ul of NMDA.
EEG activity was recorded independently from each cere-
bral hemisphere. To prepare pups for EEG recordings, they
were briefly anesthetized with ether, the scalp was incised
in the midline and five holes were made into the skull with
a 26-gauge needle. Using bregma as a central landmark,
electrodes were placed bilaterally at AP+ 3.75mm. ML
2.5mm and AP —3.75mm, ML 2.5 mm. and the ground
was placed at a fifth site anteriorally and adjacent to the
midline. Electrodes were secured at the epidural surface
of the cortex with dental acrylic.

Electrodes were connected to a Grass P511J amplifier and
EEG signals from each hemisphere were recorded simulta-
neously. Signals were amplified by a total gain of 20,000.
Active filters limited the signal to 1-40 Hz. EEG signals
were digitized and stored on magnetic tape. Representative
10-min segments were printed. EEGs were recorded in four
treatment groups: intrastriatal NMDA alone (n = 5), i.p.
MK-801 (1 mg/kg) 30 min prior to intrastriatal NMDA
(n =5). i.p. MK-801 alone (n = 5), and untreated controls
{n = 5). Recordings were made from pups at | (» =3) and
4 (n = 2) h after intrastriatal injection of NMDA.

Statistical comparisons consisted of two-tailed indepen-
dent -tests when two groups were compared and one-way
ANOVA when multiple comparisons were made. Two-
way ANOVAs were used when comparisons were made
between groups with two variables (Systat, Evanston, IL).
The dependent variable in all tests was percentage damage
(C — I/C), except where noted otherwise.
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Materials

NMDA, quisqualic acid and other chemicals were
obtained from Sigma (8t Louis, MO). MK-801 was a gift
from Dr P. Anderson {Merck, Sharp and Dohme, West
Point, PA).

RESULTS

Histological signs of N-methyl-D-aspartate neuro-
toxicity

Intracerebral NMDA injections into seven-day-old
rats consistently produced extensive cellular necrosis,
prominent gliosis, tissue loss and hemisphere defor-
mity on the injected side when examined five days
later (Fig. 1). Neuronal destruction was confluent in
glutamate receptor-rich regions and within or directly
adjacent to the injection site: corpus striatum, dorsal
hippocampus and overlying neocortex. Tissue
damage was always confined to the injected hemi-
sphere and there appeared to be no microscopic signs
of neuronal injury in the contralateral hemisphere.
Other anatomical regions showing evidence of neur-
onal destruction included the lateral septal nuclei,
septofimbrial nucleus, thalamic nuclei (ventral poste-

rior medial, ventral posterior lateral, lateral dorsal
ventrolateral, reticular), entopeduncular nucleus, and
the subthalamic nucleus. More selective neuronal
destruction was seen at the borders of the lesion
and certain substructures were more vulnerable than
others. For example, within the hippocampal sub-
fields a hierarchical order of susceptibility to NMDA
toxicity existed, CA3 > CAl > CA2, and the dentate
gyrus was relatively spared (especially the ventral
blade). The cerebral cortical layers I-111 were rela-
tively resistant to NMDA toxicity. Selectivity in these
cortical layers did not appear to reflect the distance
from the injection site since direct intracortical injec-
tions of NMDA produced similar selective laminar
necrosis (data not presented). The globus pallidus
was partially resistant to intrastriatal NMDA injec-
tion with sparing of its intrinsic large multipolar
neurons. This is consistent with the relative lack of
NMDA receptors in this structure.”® Other areas
near the lesion which were unaffected included the
nucleus accumbens, basolateral amygdala, cingulum
and anterior commissure. Intrastriatal injection
of vehicle did not produce any apparent signs of
neuronal injury.

Fig. 1. Comparison of Nissl-stained coronal brain sections at the level of the striatum (A, C) and
hippocampus (B, D) from rat pups that received i.p. injections (0.05 ml) of either MK-801 (1.0 mg/kg;
C. D) or saline (A, B) 30 min prior to intrastriatal injection of NMDA (25 nmol/0.5 ul) on day 7. Pups
were killed five days later. Paneis A and B demonstrate the typical unilateral striatal and hippocampal
neuropathologic lesion that results from intrastriatal injection of 25 nmol NMDA. In contrast, there is
little evidence of neuronal injury in animals pre-treated with MK-801 (panels C, D). Scale bar = 2 mm.
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Neuroprotective effect of MK-801 on Nemethyl-p-
aspartate histopathology

MK-801 (1 mg/kg) given 30 min prior to intra-
striatal NMDA (25 nmol/0.5 ul) protected com-
pletely against both the gross and microscopic
features of its neurotoxicity (Fig. 1). Neuroprotective
effects of varying doses of MK-808! on neuro-
toxicity of a fixed dose of NMDA are illustrated
in coronal sections through the striatum (Fig. 2)
and hippocampus (Fig. 3). Confluent necrosis,
neuronal destruction, gross tissue deformation and
widening of the ipsilateral ventricle were evident
in animals pre-treated with 0.1 mg/kg of MK-801.
A dose of 0.25mg/kg substantially reduced con-
fluent neuronal necrosis and the striatum and
hippoeampus were structurally preserved although

reduc It is ﬂGlﬁWﬁi‘uly

reduced in size. that this dose
protected the cortex nearly completely and when
damage was present it was usually confined to
layer VI. Pre-treatment with 0.5mg/kg MK-801
eliminated the gross signs of NMDA neurotfoxicity
and reduced the glial response. Striatal size was
reduced on the injected side with little change in

hippocampal and cerebral hemisphere size. Myelinat-

01
wr -

ing fasicles within the striatum a
tively preserved.

MK-801 (lmg/kg) also eﬁ‘ectively antagonized
NMDA toxicity when given 30, 40 or 120 min after
intrastriatal NMDA injections. MK-801 given after
30 or 40 min totally prevented gross NMDA toxicity
and when treatment was delayed for 2 h, the only
histopathologic changes were gliosis adjacent to the
injection site and a slightly enlarged lateral ventricle
corresponding with a reduction in the size of the
striatum on that side. Thus, the striatum, which
receives the maximal dose of NMDA, was the
only structure substantially damaged by NMDA
in animals post-treated with MK-801 at 2h. This
pattern was similar to the distribution of injury in
animals pre-treated with intermediate (0.25 or
0.5 mg/kg) doses of MK -801, MK-801 did not appear
to have obvious adverse neuropathological effects
in control pups.

appeared to be rela-
pp

Quantitative evaluation of effects of MX-8G1 on N-
methyl-D-aspartate toxicity

The neuroprotective effects of MK-801 on NMDA
neurotoxicity were quantified using a video-based

~—

Fig. 2. Comparison of neuroprotective effect of increasing dosages of MK-801 against NMDA-induced
aeumnai damage assessed in Missl-stained coronal brain sections of 12-day-old rat pups. MK-801 was
administered (i.p. injection, 0.05 ml) 30 min prior to intrastriatal injection of NMDA (25 nmol/ 0.5 ul) in
seven-day-old pups. Pups were killed five days later. Panel A, 0.1; B, 4.25 C, 0.5; D, 1.0 mg/kg MK-80L
Panel A shows a similar extent of i m;ury as is present in pups ;sre-trsated with ﬁahm‘. With higher doses

a s o Avsotises
of MK-801 there is a progressive reduction

in the extent

an§n bar — P mm

1+ ~F Hoona inis ury. Scale bar=2mm.

the extent of tissue ir 3jid
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Fig. 3. Comparison of Nissl-stained coronal brain sections through the hippocampus of 12-day-old rat

pups that were pre-treated with increasing dosages of MK-801 (i.p. injection, 0.05ml) 30 min prior to

intrastriatal injection of NMDA (25 smol/0.5 1) on day 7. Panel A, 0.1; B, 0.25; C, 0.5; D, 1.0mg/kg

MK-801. MK-801 at a 0.1 mg/kg dose (panel A) was not neuroprotective, while a 1.0 mg/kg dose was
completely protective. Scale bar = 2 mm,

computerized image analyser to measure the cross-
sectional areas of the corpus striatum, dorsal
hippocampus and cerebral hemisphere bilaterally in
coronal brain sections of animals pre-treated with
increasing doses (0.1, 0.25, 0.5, 1.0 mg/kg) of MK-801
or post-treated at varying latencies (30, 40, 120 min)
with MEK-801 (Img/kg) following intrastriatal
NMDA injections {25 nmol/0.5 ul). The shrinkage in
cross-sectional areas corresponded to the severity of
the microscopic changes observed. NMDA caused a
consistent loss of tissue cross-sectional area in the
striatum {—59.6 -+ 3.1% decrease in the area of the
injected hemisphere relative to the opposite side),
hippocampus (—50.3 +3.1%) and cerebral hemi-
sphere (—36.9+3.2%) on the lesioned side com-
pared to the opposite side (P < 0.001, paired ¢-test,
n =28). The size of the contralateral hemisphere
of animals injected with NMDA was significantly
reduced in comparison with that of saline-injected
controls; cross-sectional areas (mean+S.EM.) of
striaturn were 6.50 + 0.11 mm?® saline-injected, n = 5,
vs 576+ 0.11 mm? NMDA-injected, n =26,
P < (.005, one-way ANOVA. MK-801 treatment

produced significant dose-dependent neuroprotection
{P < 0.001, two-way ANOVA, MK-801-treated vs
NMDA controls; n = 37, 28, respectively) with virtu-
ally 100% protection achieved in pups pre-treated
with a 1 mg/kg MK-801 dose (Fig. 4). Tissue damage
was also evident in pups pre-treated with lower doses
of MK-801; 0.5mg/kg or 0.25mg/kg of MK-801
protected against 75 or 50% of tissue loss respectively
in all three regions studied (P «<0.001, one-way
ANOVA, MK-801-treated vs NMDA controls). At
the lowest dose (0.1 mg/kg) the extent of damage in
the striatum was nearly identical to that of controls,
but there was significant neuroprotection in the
hippocampus and a similar trend in the cerebral
hemisphere (48 + 11%, P <0.001 and 25 + 5% pro-
tection, respectively).

In animals treated with MK-801 at 30 or 40 min
after NMDA injection, comparison of bilateral cross-
sectional areas demonstrated statistically significant
neuronal protection in the hippocampus and cere-
bral bemisphere (Fig. 5; >90% protection, P < 0.001
one-way ANOVA, MK-80I-treated, n =10, vs
NMDA controls, # = 28). MK-801 at these times was
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DOSE EFFECT OF MK-801 TREATMENT ON NMDA NEUROTOXICITY

STRIATUM HIPPOCAMPUS CEREBRAL HEMISPHERE

.
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%PROTECTION
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Fig. 4. Neuroprotective potency of increasing dosages of MK-801 in pups pre-treated with MK-801 (0.1,
0.25, 0.5, 1.0mg/kg; » =9, 7, 13, 8) 30 min prior to intrastriatal injection of NMDA (25 nmol). Tissue
damage was assessed by measurement of regional cross-sectional areas (see Experimental Procedures).
Cross-sectional areas of the striatum, hippocampus and cerebral hemisphere were measured bilaterally in
four sections through each structure. In individual animals, values for each structure were summed by
hemisphere and transformed by the formula (C — 1)/C into a term reflecting the degree of damage of the
injected hemisphere. C and [ refer to the cross-sectional areas of structures contralateral and ipsilateral
to the lesioned hemisphere. The data were expressed as percentage protection (mean + S.E.M.) for each
experimenial group using the formula given in Experimental Procedures. “MK-801" groups received
MK-801 prior to intrastriatal NMDA whereas “control” pups were administered saline. The shaded
region represents the S.E.M. for the saline-treated NMDA-injected controls. All but the lowest dose of

MK -801 produced significant neuroprotection in the striatum, the site of NMDA m,'wnen Significant
protection from NMDA-induced damage was also achieved by all doses of MK-801 in the hlppocampus
and cerebral hemisphere (P < 0.001, one-way ANOVA, MK-801 group vs saline-treated NMDA-injected

controls).

TIME EFFECT OF MK-801 TREATMENT ON NMDA NEUROTOXICITY

STRIATUM HIPPOCAMPUS CEREBRAL HEMISPHERE

TIME OF MK-801 TREATMENT RELATIVE TO NMDA INJECTION (MIN)

Fig. 5. Effect of timing of MK-801 treatment on the extent of NMDA-induced tissue injury in
seven-day-old rats that received an intrastriatal injection of NMDA (25 nmol). MK-801 (1 mg/kgip.) was
administered 30 min (# = 8) prior to and 30 {# = 5), 40 (n = 5), or 120 (» = 6) min after the injection of
NMDA. Cross-sectional areas of the striatum, hippocampus, and cerebral hcmisphere were measured and
expressed as percentage protection (see Fig. 4). Data are expressed as the mean + S.E.M. and the shaded
region represents the S.E.M. for the control group that received NMDA intrastriatally (# = 28). Treatment

with MK-801 resulted in significant neuroprotection at all time points (P < 0.001, one-way ANOVA,
MK .80 treated vs saline-treated NMDA iniected controls).
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slightly less effective in the striatum, achieving
80 + 5% protection (P < 0.001). Even 2 h after the
insult, the neuroprotective effects of MK-801 were
substantial: 70 + 4% protection in the hippocampus
and cerebral hemisphere, and 50 + 5% in the stria-
tum (P <0.001, n =6).

Quantitation of effect of MK-801 on quisqualate
toxicity

MK-801 also provided some protection against
quisqualic acid-induced neuronal injury (Fig. 6). The
cross-sectional areas on the lesioned side of quis-
qualic acid-treated pups were consistently reduced
compared to the opposite side (striatum, —37.5+
5.1%: hippocampus, —56.5+ 3.5; cerebral hemi-
sphere, —11.54+3.7% P «<0.001, paired ¢-test,
n =4). It is noteworthy that the hippocampus was
more susceptible to quisqualic acid-induced toxicity
than was the striatum, whereas both are equally
effected by NMDA. A 1mg/kg dose of MK-801
administered i.p. twice, 30 min prior to and immedi-
ately after intrastriatal quisqualic acid injection
(100 nmol/1.0 ul), was significantly protective in the
striatum {40 + 7%, protection, P <0.02, indepen-
dent z-test, MK-801-treated vs QA-injected controls)
with a similar though not statistically significant
trend observed in the cerebral hemisphere (56 + 19%
protection). This dose was, however, less effective
in the hippocampus (20 + 8% protection). A single
dose of MK-801 has not been examined.

Effects of MK-801 and N-methyl-p-aspartate on
behavioral and electroencephalogram activity

In saline-treated pups, intrastriatal NMDA injec-
tion caused turning behavior to the side of injection
and increased locomotion within 20 min of initial
recovery from ether anesthesia. Severe generalized,
tonic and tonic—clonic seizures were evident 45 min
after NMDA administration, an effect which typi-
cally endured for several hours. The seizures
generally prevented an upright posture. MK-801
(1 mg/kg) blocked the behavioral signs of NMDA-
induced seizures within 2-5 min of i.p. administra-
tion. MK-801 pre-treatment facilitated induction and
deepened the level of anesthesia produced by ether.
Animals injected with MK-801 displayed a progres-
sive set of behaviors. Initially, pups exhibited inter-
mittent unidirectional turning and a general increase
in locomotion. This behavior was still present 12h
after administration of MK-801 although it was less
frequent. Following the initial period of behavioral
excitation pups exhibited decreased muscle tone and
a behavioral state of mild sedation. These effects were
still present 24 h post-treatment.

EEG recordings from saline-treated pups that
received NMDA showed intermittent bihemispheric
synchronous high-voltage, high-frequency epilepti-
form discharges. High-voltage and high-frequency
discharges were present in the injected hemisphere
at both 1 (n=3) and 4 (n=2)h post-NMDA

EFFECT OF MK-801 TREATMENT ON
QUISQUALIC ACID NEUROTOXICITY

100 o

%PROTECTION

STRIATUM

HIPPOCAMPUS CEREBRAL
HEMISPHERE

Fig. 6. Effect of MK-801, a2 non-competitive NMDA
antagonist, on the neurotoxicity produced by intrastriatal
injection of the glutamate receptor agonist quisqualic acid
in seven-day-old rat pups (n =6). MK-801 (I mg/kg per
dose) was administered i.p. 30 min before and immediately
after injection of quisqualic acid (100 nmol/1.0 ul). Data
(mean + S.E.M.) were expressed as percentage protection
(see Fig. 4 legend) and compared to saline-treated quis-
qualic acid-injected controls. The shaded bar is the S EM.
for the quisqualic acid-injected control group (n =4).
MK-801 treatment produced significant protection against
quisqualic acid-induced damage in the striatum (P < 0.02,
independent ¢-test, MK-801-treated n = 6 vs saline-treated
controls n = 4) with a similar trend in the cerebral hemi-
sphere. In contrast, less protection was achieved in the
hippocampus.

(Fig. 7). EEGs from animals given either MK-801
alone (n=35) or MK-801 plus NMDA (n=75)
showed marked voltage and frequency suppression
(Fig. 7). Few paroxysmal discharges were recorded
in NMDA-treated pups that received MK-801.

DISCUSSION

The NMDA receptor is coupled to a cationic
membrane channel at which activity is regulated
by glycine, Mg?*, Zn?* and phencyclidine receptor
ligands.?#%4043 NMDA receptor activation results
in Ca’*, and Na?* influx into the cell followed
by passive C1~ influx. Excessive receptor activation
results in intracellular Ca®>* accumulation, neuronal
injury and death.*>!®*%4! Unilateral injections of
NMDA (25 nmol/0.5 ul) into the posterior striatum
of seven-day-old rats produced a consistent and
reproducible lesion characterized by confluent necro-
sis, gross tissue deformation, and reactive gliosis
predominantly affecting the corpus striatum, dorsal
hippocampus and overlying neocortex in the lesioned
hemisphere. This pattern of damage corresponds with
NMDA receptor distributions within the immature
brain (unpublished observations). Selectively vulner-
able nuclei at the periphery of the lesion included the
lateral septal, septofimbrial, thalamic and entopedun-
clular nuclei, areas which correspond to putative

glutamatergic pathways and their terminal receptive
ﬁelds.&IZ.‘M



596

J. W. McDONALD et al.

A. CONTROL |
g . |

L -mwvu\fwmm-.f\,«,rw&/\.'ﬁ’lé,)ﬁ-\,wﬁ.*.,,v.\lf‘,*'»\, (‘ "%w AT JI JI R l ,r' -'-,.‘,“‘)"W’m\*.“a‘ﬂ' h"“'w.

§
H

M ; b Iy
/ MMW’W‘MA}!VW’W'JM W ‘1{\‘){1’ w'.'% » ~'i”.w l’\‘q“!,a *w'

;,1 w\,u%; :

B. MK-801

A W A A A AN NI A 1
L R e ) T TR S SN R

R

C. NMDA

R

D. NMDA + MK -801

R A A A A AN AR 1

S

I el i A b o A At 0

il r "
'*:‘j ; lymlr r«‘/w«u}\u‘ j'.j",« 4',‘«4’.\1 dw'vr

Lol g
g § ”} Mix 9123%‘;‘}'{4’@;‘;‘,; *“

A N e e P N S e >

TR N AP AR M o TRy A B S AT ST WL o R o i f N 50 L S v 2my

1sec

Fig. 7. Cortical EEGs from left and right hemispheres of seven-day-old rat pups illustrating the typical
EEG tracings from untreated pups {A) and from animals that received MK-801 (B), NMDA (C), or both
NMDA and MK-801 (D). See Experimental Procedures for details of EEG recording procedure. NMDA
(25 nmol/0.5 ul) was injected intrastriatally. MK-801 (1 mg/kg) or PBS was administered ¢i.p. in 0.05 ml)
30 min prior to the intrastriatal injection of NMDA or saline. Tracings were recorded from the cerebral
hemisphere epidural surface bilaterally for 10 min, | h after the injection of NMDA. Injection of NMDA
results in marked epileptiform activity in both cerebral hemispheres. MK-801 produced markedly reduced
EEG activity in normal animals as well as pups that received NMDA. The upper trace for each group
is the recording from the left hemisphere. Each trace represents 10 s and the vertical scale bar is equivalent
to 0.2mV.

Possible site of action of MK-801 in developing
brain

The data demonstrate that systemically adminis-
tered MK-80t prevenis NMDA-induced neuronal
necrosis in the inumature rat brain in a dose-depen-
dent fashion (0.1~1 mg/kg). Complete neuroprotec-
tion was achieved with a I mg/kg MK-801 dose given
i.p. 30 min prior to intrastriatal injection of 25 nmol
NMDA. Near-complete protection was also achieved
in animals post-treated with MK-801 (1 mg/kg, i.p.)
30 or 40 min after intrastriatal NMDA injections.
However, if the NMDA-induced events are allowed
to proceed for 2 h prior to MK-801 treatment, sub-

stantial neuronal damage results. A 306% reduction is
found in the cross-sectional area of the hippocampus
and cerebral hemisphere of the injected hemisphere,
and a 50% decrease is found in the striatum, the site
of NMDA injection. This suggests that a critical time
window exists in the evolution of NMDA-mediated
injury within which treatment with MK-801 provides
protection.

The dose of MK-801 required to achieve complete
protection in the immature rat is considerably lower
than the dose required to achieve complete protection
in the adult rat brain as reported by Foster er al.”
(1 vs 10 mg/kg). These findings, in addition to other
reports, may indicate that non-competitive NMDA
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antagonists are more effective in the developing
brain.*

It is noteworthy that MK-801 also partially pro-
tected against quisqualic acid neurotoxicity., These
findings were unexpected since MK-801 has been
considered a selective NMDA antagonist, based on
its failure to antagonize kainic acid-induced neuronal
injury and kainic acid- and quisqualic acid-mediated
electrophysiological responses in adult rat prepara-
tions.”™* MK-801 may attenuate quisqualic acid-
induced brain damage by limiting secondary
glutamate release and subsequent activity of
NMDA receptors. Although commercially available
quisqualic acid may be contaminated with glutamate,
intracerebral administration of glutamate (1 pmol)
does not produce brain injury (unpublished observa-
tion). Thus, it is unlikely that exogenous glutamate
contributes to quisqualic acid neurotoxicity in this
model.

Interestingly, cortical layers IV and VI were
destroyed with selective preservation of cortical
layer V neurons in quisqualic acid-injected animals
treated with MK-801. Similar resuilts were occasion-
ally found in pups that received only quisqualic acid,
although less frequently. This observation may
suggest that cells of cortical layers IV and VI have
higher concentrations of quisqualic acid receptors.

Quisqualic acid- and NMDA-type EAA receptors
may be involved in hypoxic-ischemic brain injury
in immature rats, and the present data suggest
that MK-801 may protect against both types of
damage. At this age, kainate receptor-mediated
damage probably contributes little damage directly
in hypoxia-ischemia since kainic acid is not very
neurotoxic at such an age.? High densities of
quisqualic acid receptors are expressed transiently
in vulnerable regions of immature mammalian
brain and direct injection of quisqualic acid into the
seven~-day-old rat brain causes neuronal damage
and seizures.** The widespread neuroprotective
effect of MK-801 in experimental hypoxia-ischemia
includes sites rich in quisqualic acid-preferring sites
as well as those with a higher density of NMDA
sites.

Neurotoxic effects of N-methyl-D-aspartate in devel-
oping versus adult brain

In comparison to reports describing NMDA
neurotoxicity in adult rats, the developing CNS seems
considerably more sensitive to NMDA toxicity.'**>%
Administration of 25 nmol of NMDA intrastriatally
in the seven-day-old rat produces confluent necrosis
involving the entire cerebral hemisphere, resulting in
a 37% decrease in the cross-sectional area five days
later. In additional studies, a similar injection pro-
duced a 28% decrease in the weight of the injected
hemisphere after similar delay.® In contrast, we
found that injections of 75nmol/1.5 41 NMDA
in adult rat striatum produced minimal neuronal
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damage without gross tissue deformation and
destruction.®

The apparent developmental change in NMDA
toxicity may reflect alterations in receptor numbers,
receptor-ligand interaction, receptor-channel cou-
pling, modulation of channel activation {e.g. by
glycine, Zn**, Mg’*) or in the events leading to
neuronal injury that may follow excessive NMDA
receptor activation. In vitro autoradiographic studies
indicate that NMDA and phencyclidine receptor
binding is six- to eight-fold lower in seven-day-old
rats in comparison to adults (unpublished observa-
tion). There have been no reports indicating develop-
mental changes in the coupling of the NMDA
receptors to the channel, or in the mechanisms of
channel regulation. Differences in the distribution,
uptake, metabolism, and/or elimination of NMDA
between immature and adult rats could account for
part of the observed age-related effect. For example,
the more heavily myelinated adult brain may limit
diffusion. Furthermore, during the experimental
period (7-12 days postnatal) the rat pups are under-
going rapid brain growth and this may alter the
evolution of the lesion.

The relative ability of EAA agonists to produce
neurotoxicity is also altered during development:
the rank order of potency in adult rat brain is
kainic acid>» NMDA 2z quisqualic acid, in contrast
to NMDA » quisqualic acid>kainic acid in seven-
day-old rat brain.?®*46% Additionally, quinolinic
acid, an NMDA receptor agonist, is a potent toxin in
adult rats; however, it lacks neuronal toxicity in
seven-day-old rats.”* These age-related neurotoxic
effects do not reflect simple alterations in ligand
receptor numbers. For instance, NMDA receptor
binding is reduced in vulnerable regions of the brain
in seven-day-old rats compared to aduits while
quisqualic acid binding is about equivalent to that
of adults.

Direct injection of NMDA into the seven-day-old
rat brain provides a highly reproducible, convenient,
quantiative system for evaluating potential neuro-
protective drugs. Parallels of the model with experi-
mental hypoxic-ischemic brain injury suggest that
compounds with neuroprotective activity in this
preparation may also be active against ischemic
neuronal necrosis. This model should also allow
secondary metabolic effects of EAA neurotoxicity
in the intact brain to be studied in isolation from
pathogenetic models of hypoxia-ischemia-mediated
neuronal injury.
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