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Systemic Administration of MK-801 Protects Against
Ischemia-Induced Hippocampal Neurodegeneration in the Gerbil

R. Gill, A. C. Foster, and G. N. Woodruff

Merck Sharp and Dohme Research Laboratories, Neuroscience Research Centre, Harlow, Essex, CM20 2QR, UK

The neuroprotective effects of MK-801, a noncompetitive
antagonist of N-methyl-p-aspartate (NMDA) receptors, were
evaluated in models of cerebral ischemia using Mongolian
gerbils. Bilateral occlusion of the carotid arteries for a period
of 5 min resulted in a consistent pattern of degeneration of
hippocampal CA1 and CA2 pyramidal neurons, which was
quantified using an image analyzer. Systemic administration
of MK-801 (0.01-10 mg/kg, i.p.) 1 hr prior to the occlusion
caused a dose-dependent protection of the CA1 and CA2
neurons. The ED;, value for neuroprotection by MK-801 was
calculated to be 0.3 mg/kg, and at doses =3 mg/kg the
majority of animals were completely protected against the
ischemic insult. Systemic administration of MK-801 (1 or 10
mg/kg, i.p.) 1 hr prior to unilateral occlusion of the right
carotid artery resulted in significant protection against hip-
pocampal neurodegeneration following 10 min of occlusion,
and increased the survival rate after 30 min of occlusion.
The potent neuroprotective effects of MK-801 in these ce-
rebral ischemia models add further weight to the evidence
that NMDA receptors are involved in the mechanism of
ischemia-induced neuronal degeneration.

Brain ischemia can result from a wide range of disturbances,
including cardiovascular disorders and cerebral trauma. Cere-
bral ischemia both in humans and in experimental animals
results in a selective pattern of neuronal degeneration within
the central nervous system (Levine and Payan, 1966; Pulsinelli
and Brierley, 1979; Brierley and Graham, 1984). Investigations
into the mechanism of ischemia-induced neurodegeneration and
the possible therapeutic amelioration of this process have been
pursued for many years (Hossmann, 1982; Kogure et al., 1985).
Recent evidence suggests that postischemic neuronal degener-
ation is caused in part by an overactivity of excitatory amino
acid transmitter systems (Jorgensen and Diemer, 1982; Bene-
viste et al., 1984; Simon et al., 1984; Schwarcz and Meldrum,
1985).

It is hypothesized that ischemia elevates the extracellular con-
centrations of the excitatory neurotransmitters glutamate and
aspartate, which act at specific membrane receptors present on
postsynaptic neurons, causing overexcitation and ultimately
neuronal death. There is growing evidence in support of this
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theory regarding the mechanism of ischemic damage. First, areas
of the brain that are most vulnerable to ischemia (hippocampus,
cerebral cortex, striatum, and cerebellum) all receive prominent
excitatory amino acid transmitter inputs (Fagg and Foster, 1983;
Fonnum, 1984). Lesions of these pathways prevent ischemia-
induced neuronal damage in the hippocampus (Wieloch et al.,
1985a; Onodera et al., 1986) and striatum (Wieloch et al., 1985b).
Second, microdialysis measurements in vivo have shown that
extracellular concentrations of glutamate and aspartate are in-
creased several-fold in the hippocampus during a period of isch-
emia (Beneviste et al., 1984; Hagberg et al., 1985). Glutamate
and aspartate are “excitotoxic” amino acids (Olney et al., 1971),
producing a characteristic “axon-sparing” lesion (Olney, 1980)
that is also typical of ischemia-induced hippocampal neuro-
degeneration (Johansen et al.,1984). Finally, selective excitatory
amino acid receptor antagonists have been shown to prevent
the neuropathology (Rothman, 1984; Simon et al., 1984) and
acute changes in energy metabolism (Hagberg et al., 1986) caused
by anoxia and ischemia.

The protection from ischemia-induced neurodegeneration by
antagonists of excitatory amino acids, particularly those selec-
tive for the NMDA receptor subtype, could indicate the ther-
apeutic use of these compounds in the treatment of human
ischemic neuropathologies, such as stroke and cardiac arrest
(Schwarcz and Meldrum, 1985). However, the available com-
petitive antagonists are polar compounds that do not readily
penetrate the blood-brain barrier, and thus have a low potency
when applied systemically (Meldrum, 1985), and in order to
demonstrate neuroprotective effects, these substances have to
be administered intracranially. MK-801 [(+)-5-methyl-10,11-
dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine maleate; Fig.
1] is an orally active anticonvulsant (Clineschmidt et al., 1982)
that has recently been shown to be a potent, selective, and
noncompetitive antagonist of NMDA receptors (Kemp et al.,
1986; Wong et al., 1986). In addition, when administered sys-
temically to rats, MK-801 protects against NMDA-induced neu-
ronal degeneration in the hippocampus or striatum (Foster et
al., 1987a). Therefore, we evaluated the ability of systemically
administered MK-801 to prevent ischemia-induced neuronal
damage. For this purpose we used 2 models of cerebral ischemia
in the gerbil.

The Mongolian gerbil is extensively used as a model for ce-
rebral ischemia and infarction (Levine and Payan, 1966; Kahn,
1972) because of its unusual cerebral circulation, which lacks
connections between the carotid and vertebrobasilar circula-
tions. Bilateral carotid occlusion causes complete forebrain isch-
emia in all animals (Crockard et al., 1980; Suzuki et al., 1983a),
whereas unilateral occlusion of a common carotid artery results
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Figure 1. Structure of MK-801 ((+)-5-methyl-10,11-dihydro-5H-di-
benzo[a,d]cyclohepten-5,10-imine maleate).

in the development of ischemic injury in some 30-60% of an-
imals (Harrison et al., 1973; Ito et al., 1975). In this study, the
ability of systemically applied MK-801 to prevent ischemia-
induced neuronal degeneration has been assessed in both bilat-
eral and unilateral carotid occlusion models. A preliminary ac-
count of some of this work has appeared in abstract form (Foster
et al., 1987b).

Materials and Methods

Male and female Mongolian gerbils weighing 50-80 gm were maintained
on a 12 hr: 12 hr light : dark cycle and given access to food and water
ad libitum.

Bilateral forebrain ischemia. The animals were anesthetized with a
mixture of 2% halothane, 70% nitrous oxide, and 30% oxygen. An
anterior midline cervical incision was made, the right and left common
carotid arteries were isolated from the vagus nerve and 2 small clips
placed on them such that blood flow was completely arrested for a period
of 5 min. At the end of the ischemic period, the clips were removed
and the patency of the carotid arteries checked by direct visualization,
the skin incision was closed with wound clips, and the animals allowed
to survive for 4 d. A range of doses of MK-801 (0.01-10 mg/kg) was
administered intraperitoneally 1 hr prior to surgery; untreated animals
served as controls.

Unilateral forebrain ischemia. The animals were anesthetized with
equithesin, 0.3 ml, i.p., an anterior midline cervical incision was made,
and the right common carotid artery (RCA) carefully isolated from the
vagus nerve. The artery was occluded using a small clip for a period of
10 or 30 min, and, on removal of the clip, restoration of blood flow
through the artery was verified visually. The incision was closed with
wound clips and the animals allowed to survive for 7 d. MK-801 was
administered at doses of 1 or 10 mg/kg, 1.p., 1 hr prior to the occlusion.
Control animals were administered saline (0.2 ml/100 gm body weight,
i.p.) 1 hr prior to the ischemic insult.

A time course study was also performed to determine the morphology
of the neuronal changes accompanying unilateral ischemia; the gerbils
were subjected to 10 min occlusion of the RCA and perfused at 1, 2,
5, 15, 24, 48, and 96 hr following the induction of ischemia.

Histology. The gerbils were anesthetized with equithesin (0.4 ml, i.p.)
and perfused transcardially with 20 ml of 0.9% saline, followed by 100
m] of a solution containing 10% formaldehyde and 5% sucrose. The
brains were removed to a solution of 30% sucrose and 5% formaldehyde
for 2-5 d. Coronal sections (40 um) were taken through the brain at the
level of the hippocampus using a freezing sledge microtome (Leitz), and
stained with cresyl violet (Nissl stain).

Quantitative assessment of ischemia-induced neuropathology. In the
bilateral carotid occlusion experiments, the area of neuronal degener-
ation within the hippocampus was assessed using a Cambridge Instru-
ments image analyzer. For each animal, measurements were made from
both hippocampi in 3 coronal sections corresponding to 1.5, 1.7, and
1.9 mm caudal to bregma. Using the image analyzer, a line was drawn
in each hippocampal plane, encircling the degenerating CA1 and CA2
pyramidal cell area (both cell body and dendritic layers) from the hip-
pocampal fissure to the alveus (Fig. 2). The pattern of hippocampal
neurodegeneration following ischemia, with or without MK-801 pre-
treatment, consisted of discrete areas of neuronal loss (see below), mak-
ing this type of analysis feasible. This area was summed for the 3 sec-

tions, which gave the total area of degeneration in 6 hippocampal planes.
The areas from different animals within each experimental group are
expressed as the mean = SEM, and nonparametric statistical evaluation
included the Kruskal-Wallis analysis of variance and a Mann-Whitney
U test comparing MK-801-treated groups with the controls.

For the 10 min unilateral carotid occlusion experiments, brain sec-
tions were viewed under the light microscope and the animals divided
into “damage” or “no damage” groups on the basis of their hippocampal
morphology. This was carried out under blind conditions by 3 inde-
pendent observers, whose evaluations agreed completely. For the 30
min RCA occlusion experiments, the number of animals that survived
the 7 d period was counted. The statistical significance of the differences
between MK-801-treated animals and controls was assessed using
Fisher’s exact probability test (Siegel, 1956).

Results

Bilateral common carotid artery occlusion

Complete forebrain ischemia for a period of 5 min resulted in
a model that showed consistent neuronal degeneration in each
experimental animal. The pattern of neurodegeneration in-
volved virtually all pyramidal neurons in the CAl and CA2
areas of both hippocampi (Fig. 34); no other neuronal degen-
eration was apparent in any other forebrain region. Assessing
the hippocampal damage by measuring the affected area of the
CA1l and CA2 region proved to be a convenient and highly
consistent method. Thus, in 12 control animals that were all
severely affected, the area of degeneration was 7.30 + 0.32 mm?
(mean + SEM), indicating that the SEM was <5% of the mean
value. Administration of MK-801, i.p., 1 hr prior to bilateral
occlusion resulted in a dose-dependent decrease in the area of
neuronal degeneration (Table 1). The lowest dose of MK-801
producing significant protection was 0.1 mg/kg, and the EDy,
value for neuroprotection against complete forebrain ischemia
was calculated to be 0.3 mg/kg. Following doses of MK-801 =3
mg/kg, the majority of animals showed complete protection
against ischemia-induced neuronal loss (Fig. 3C). At the higher
doses of MK-801 (1-10 mg/kg) the animals were ataxic; how-
ever, they did not appear sedated, since signs of motor stimu-
lation were apparent. At lower doses (<0.3 mg/kg), the pattern
of damage consisted mainly of patches of degenerated hippo-
campal neurons (Fig. 3B), indicating partial protection in in-
dividual animals; no overt behavioral effects were observed.

Unilateral RCA occlusion

Unilateral ischemia for a period of 10 min resulted in neuronal
degeneration in the ipsilateral forebrain in 60% of the control
animals. The neurodegeneration was confined to the hippocam-
pal formation, and the pyramidal cells in the CAl and CA2
areas were the neurons most vulnerable to ischemia (Fig. 44).
This finding is in agreement with previous reports (Kahn, 1972;
Harrison et al., 1973; Tto et al., 1975), although in 2 out of 12
animals, CA3 and CA4 area pyramidal cells were additionally
involved. Pretreatment with MK-801 at doses of 1 or 10 mg/
kg, i.p., 1 hr prior to 10 min RCA occlusion reduced the ipsi-
lateral neuronal damage (Table 2a). Thus, following 10 min of
unilateral ischemia, 60% of the control animals showed hip-
pocampal damage which was significantly reduced to 20 and
15% with 1 and 10 mg/kg of MK-801, respectively.

The time course of the morphological changes occurring with-
in the hippocampus following 10 min of unilateral RCA occlu-
sion was investigated (Table 3). During initial periods of re-
perfusion (up to 15 hr), few signs of overt neuronal degeneration
were evident; the changes that occurred were characterized by
swollen, light-staining neurons, particularly in areas CA1, CA2,



and CA3. From 24 hr onwards, degeneration of CAl and CA2
pyramidal neurons occurred, which was essentially complete at
4d.

A 30 min period of RCA occlusion resulted in the death of
50% of the control gerbils within the 7 d experimental period
(Table 2b). Histological examination of the brains of the 10
survivors revealed a varied pattern of neuronal degeneration.
In 3 animals the damage was restricted to loss of CA1 and CA2
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Figure 2. Light micrographs of 40 um
coronal sections of the cresyl violet-
stained right hippocampus from a typ-
ical untreated gerbil subjected to 5 min
of bilateral ischemia. Solid line and ar-
rows illustrate the area of neuronal de-
generation that was measured in the 3
coronal sections corresponding to 1.5
(4), 1.7 (B), and 1.9 (C) mm caudal to
bregma. The line drawn encircles the
degenerating CA1 and CA2 pyramidal
neurons, including cell bodies and den-
drites, i.e., the total area of neurode-
generation from the hippocampal fis-
sure to the alveus.

pyramidal neurons, and total hippocampal necrosis (Fig. 4B)
occurred in 2 animals, accompanied by neuronal damage in the
cerebral cortex and striatum; there was no hippocampal damage
seen in the remaining 5 animals. MK-801 administered 1 hr
prior to 30 min occlusion of the RCA at doses of 1 or 10 mg/
kg increased the number of animals that survived the ischemic
insult. For the control animals, the rate of survival was 50%,
which was increased to 75 and 90% with doses of 1 and 10 mg/
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Figure 3. Protection by MK-801 ina
dose-dependent manner of hippocam-
pal neurodegeneration induced by 5 min
of bilateral ischemia. The MK-801 was
administered 1 hr prior to carotid oc-
clusion. Light micrographs of 40 pm
coronal sections, stained with cresyl vi-
olet, showing the hippocampal area 4
d following the ischemic insult. 4, Pat-
tern of degeneration of pyramidal cells
in areas CA1 and CA2 (between arrows)
in the hippocampi of a control gerbil.
B, Partial protection seen with a low
dose of MK-801 (0.3 mg/kg); the area
of degeneration is shown between the
arrows. C, Complete protection of py-
ramidal cells in the hippocampi of a
gerbil treated with 3 mg/kg of MK-801.

kg of MK-801, respectively, an effect that was significant at the
10 mg/kg dose (Table 2b).

Discussion

The results described in this paper demonstrate that systemically
administered MK-801 prevents ischemia-induced neuronal de-
generation and death in the gerbil. A single dose of MK-801
given intraperitoneally 1 hr prior to the occlusion was sufficient
to protect against ischemia-induced neuropathology.

Bilateral common carotid artery occlusion provides a model
that results in consistent and reproducible damage of the CAl
and CA2 pyramidal cells in all animals. This area of neuronal

degeneration can be evaluated in individual animals quite ac-
curately using the method described above, and the consistency
of the neurodegeneration allowed the discrimination of small
protective effects of MK-801. Thus, the data obtained from the
bilateral carotid occlusion model permitted an accurate assess-
ment of the potency of MK-801. The unilateral carotid occlusion
model was used to assess neuroprotection against a more severe
ischemic insult. However, only 50-60% of control animals dis-
played either neurodegeneration (10 min occlusion period) or
death (30 min occlusion period). Therefore, the protective effects
of MK-801 were assessed by simply grouping the animals into
2 categories, i.e., “‘damage™ or “no damage” for the 10 min
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occlusions and “death” or “survival” for the 30 min occlusions;
this method is incapable of detecting small protective effects
without the use of prohibitively large numbers of animals.

In the bilateral carotid artery occlusion model, significant
protection was obtained with 0.1 mg/kg of MK-801 and doses
=3 mg/kg caused complete protection in a majority of the an-
imals. MK-801 in the unilateral ischemia model, at doses of 1
and 10 mg/kg, produced significant protection against the hip-
pocampal neurodegeneration following 10 min occlusion. How-
ever, in the more severe unilateral ischemia involving a 30 min
period of occlusion, a significant increase in the number of sur-
vivors was seen only with the 10 mg/kg dose, although the 1
mg/kg dose of MK-801 also showed a trend towards significance.
Thus, it appears that higher doses of MK-801 are required to
counteract severe ischemic insults, which may be a consequence
of prolonged increases of extracellular concentrations of exci-
totoxic amino acids.

In electrophysiological experiments, MK-801 is a potent and
selective antagonist of NMDA receptors (Kemp et al., 1986;
Wong et al., 1986). MK-801 is also a selective antagonist of

The Journal of Neuroscience, October 1987, 7(10) 3347

Figure 4. Light micrographs of 40 um
coronal sections stained with cresyl vi-
olet showing the morphological changes
that occurred following unilateral is-
chemia in control gerbils. 4, Typical
pattern of hippocampal neurodegener-
ation in the pyramidal CAl and CA2
areas (between arrows) 7 d after a 10
min period of RCA occlusion. B, Ex-
tensive neuronal degeneration 7 d after
30 min of RCA occlusion. The ipsilat-
eral hemisphere shows almost total ne-
crosis of the hippocampus, with cortical
neurons also showing degeneration.
There are no changes evident on the
contralateral side in either animal.

Table 1. Neuroprotective action of various doses of MK-801 given
intraperitoneally 1 hr prior to bilateral carotid artery occlusion for a
period of 5 min in gerbils

No. of

Dose of animals
MK-801 Area of neuronal showing
(mg/kg) n degeneration (mm?) no damage
Control 12 7.3 £ 0.32 0

0.01 9 6.5 + 0.88 1

0.03 10 5.3 +0.99 1

0.1 10 4.9 + 0.89* 2

0.3 10 4.9 £ 0.78%* 1

1 10 1.5 £ 0.58%* 5

3 10 0.9 + 0.51** 7
10 10 0.8 £ 0.45%* 7

Values are means + SEM (n animals) of the areas of degeneration (in mm?)
(involving, in each animal, 6 hippocampal planes from 3 coronal sections), measured
4 d after artery occlusion. Kruskal-Wallis analysis of variance, H = 42.20 (p =
0.0001). Asterisks, significant difference when compared with control animals at
the 0.05 (*) and 0.01 (**) level using the Mann-Whitney U test.
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Table 2. Effect of pretreatment with MK-801 following unilateral occlusion of the right carotid artery

of the gerbil

Dose of MK-801 mg/kg

Control
(n=20) 1 (n=20) 10 (n = 20)
a. 10 min occlusion
No. of animals showing damage 12 4 3
No. of animals showing no damage 8 16 17
(r = 0.02) (r =0.01)
b. 30 min occlusion
No. of animals surviving 10 15 18
No. of animals dead 10 5 2
(r = 0.20) (» =0.02)

Animals were assessed for histological damage in CA1 hippocampal neurons 7 d after artery occlusion. n = Number of
animals. Figures in parentheses denote significance values when compared with control animals, determined using

Fisher’s exact probability test.

NMDA-induced neurodegeneration i#n vivo, and at doses up to
10 mg/kg does not decrease the neurotoxic effects of kainic acid
(Foster et al., 1987a). The high potency of MK-801 (ED,, = 0.3
mg/kg) in preventing ischemia-induced neuronal degeneration
in the gerbil, therefore, suggests that this effect is mediated by
a selective blockade of NMDA receptors. Thus, the remarkable
ability of MK-801 to completely prevent ischemia-induced neu-
ronal damage suggests that the NMDA receptor subtype is the
key receptor involved in postischemic excitotoxic neurodegen-
eration.

The neurons in the CAl and CA2 pyramidal area of the
hippocampus are the most vulnerable to global ischemia in both
human and animal brains (Brierley and Graham, 1984; Zola-
Morgan et al., 1986). This was evident in the present series of
experiments since, when neurodegeneration was observed, it
invariably included CA1 and CA2 pyramidal cell damage, with
the additional involvement of other hippocampal neurons and
other brain regions in some animals only. Autoradiographic

Table 3. Time course study of ischemic cell changes occurring in the
hippocampus following 10 min occlusion of the right carotid artery of
the gerbil

Time No. of
after animals
g;lil; ;I(l)owmg Hippocampal pyramidal neuron morphology
(hr) changes CAl CA2 CA3
1 4 +(2) +(4) +Q3)
2 5 +(5) +(2)
5 4 +(6) +(1)
15 3 +(6) +(4)
24 1 +(4) +(4) +(2)
++(1) ++3)
+++(1) +++(1)

48 3 +Q3) +(1) +(1)
++(1) ++(1)
+++(2) +++(4)

96 2 +(1) +Q3) +(5)
+++(5) ++(1) ++(2)

+++(4)

Experiments were performed as described in the text. Hippocampal pyramidal
cell morphology was scored as follows: +, swollen cells lighter stained; + +, some
neurons degenerating; + ++, all neurons degenerating. Figures in parentheses
indicate the number of gerbils from a group of 10 showing these changes.

studies have demonstrated that the dendritic layers of the CAl
and CA2 neurons of the rodent hippocampus possess the highest
density of NMDA receptors in the brain (Monaghan and Cot-
man, 1985). The CA1/CA2 pyramidal neurons may owe their
selective vulnerability in ischemia to a high density of NMDA
receptors on their dendrites.

The detailed mechanisms that underlie ischemia-induced de-
generation of hippocampal neurons have yet to be clarified. The
data from the time course study of hippocampal morphology
following unilateral carotid occlusion indicate a delayed (>24
hr) degeneration of CAl and CA2 neurons. This phenomenon
has been observed by others and termed a ‘“maturation phe-
nomenon” (Ito et al., 1975) or “delayed neuronal death” (Kiri-
no, 1982). CA1 pyramidal neurons are known to degenerate as
aresult of prolonged seizure activity (Brierley, 1976), and gerbils
are renowned for their susceptibility to seizures in response to
a variety of stimuli, such as handling, change in environment,
or physical stimulation (Thiessen et al., 1968; Cox and Lomax,
1976). Thus, it could be argued that the delayed CAl and CA2
neuronal degeneration that follows transient ischemia might be
due to seizure activity during the postischemic period. The ED;,
for MK-801 against ischemia-induced hippocampal neurode-
generation (0.3 mg/kg) is similar to its anticonvulsant ED;, value
in a variety of seizure models (Clineschmidt et al., 1982) and
against NMDA (340 mg/kg, s.c.)-induced convulsions in mice
(ED,, = 0.3 mg/kg, i.p.; unpublished observations). However,
it appears unlikely that seizures are the cause of ischemia-in-
duced neuronal damage in the gerbil. Thus, Cohn (1979) re-
ported that the gerbil brain is electrically silent during ischemia,
and epileptiform activity, if present, does not arise from the
ischemic brain itself during ischemia. Further evidence has shown
that, using extracellular recordings of CA1 neuronal activity in
the postischemic period, there is an increase in cell firing but
no epileptiform events are seen (Suzuki et al., 1983b) Finally,
Donadio et al. (1982) have demonstrated that, in a given pop-
ulation of gerbils, there is no correlation between seizure-prone
and stroke-prone individuals. In this study and in a previous
report (Suzuki et al., 1983a), no overt signs of seizure activity
were seen during or following the ischemic insult in gerbils that
underwent a 5 or 10 min period of occlusion. Recent evidence
indicates that NMDA receptors may mediate epileptiform ac-
tivity in CAl pyramidal neurons (Dingledine, 1986). Therefore,
it would seem more likely that the similarity between the ED;,
values for MK-801 against seizures and for ischemia-induced



neuronal degeneration simply reflects the doses required to block
NMDA receptors and does not imply that seizures are the cause
of ischemia-induced neuronal death.

This study indicates that MK-801 has shown activity in pre-
venting ischemia-induced neuronal degeneration in the gerbil,
and thus adds weight to the growing evidence that NMDA re-
ceptors are fundamentally involved in this type of neuropa-
thology. At the present time, MK-801 is the best candidate for
potential clinical testing among known NMDA antagonists be-
cause of its potency and ready penetration of the blood-brain
barrier.
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