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Pre- and Post-Ischemic Administration of
Dizocilpine (MK-801) Reduces Cerebral
Necrosis in the Rat

M.R. Rod and R.N. Auer

ABSTRACT: The purpose of this study was to determine the effectiveness of the non-competitive N-methyl-D-aspar-
tate receptor antagonist dizocilpine, or (+)-5-methyl-10,11-dihydro-5H-dibenzo(a,d)cyclohepten-5,10-imine (MK-801)
in mitigating ischemic neuronal necrosis in the rat. Ten minutes of transient forebrain ischemia was induced by a com-
bination of bilateral carotid clamping and hypotension to S0 mm Hg. Control animals received intravenous saline,
whereas treated animals received dizocilpine, either 1 mg/kg iv 20 min. pre ischemia, | mg/kg iv 20 min. post
ischemia, 10 mg/kg iv 20 min. post ischemia, 10 mg/kg ip 2 hrs. post ischemia, 10 mg/kg ip 24 hrs. post ischemia.
The groups receiving dizocilpine before or up to 20 min. after ischemia all showed a significant reduction in the num-
ber of dead neurons as assessed by quantitative histopathology in hippocampus, caudate nucleus and cerebral cortex
after one week of recovery. However, dizocilpine administered either 2 or 24 hrs. after ischemia afforded no protection.
These results suggest that the potent non-competitive NMDA antagonist dizocilpine may have some value in protect-
ing the brain from hippocampal and cortical neuronal necrosis after a short insult consisting of dense transient cerebral
ischemia. Noteworthy is the fact that pharmacologic intervention in the post-ischemic period was successful in pre-
venting neuronal death, provided that drug administration occurred within dizocilpine’s “therapeutic window”.

RESUME: L’administration pré- et post-ischémique de dizocilpine (MK-801) diminue la nécrose cérébrale chez
le rat Le but de cette étude était de déterminer 1’efficacité de 1’antagoniste noncompétitif du récepteur N-méthyl-D-
aspartate, la dizocilpine, ou (+)-5-méthyl-10, 11-dihydro-SH-dibenzo (a, d) cyclohepten-5, 10-imine (MK-801) afin
d’atténuer la nécrose ischémique neuronale chez le rat. Une ischémie transitoire d’une durée de dix minutes au niveau
du cerveau antérieur a été induite par I’obstruction bilatérale des carotides au moyen de clamps associée a une
hypotension a 50 mm Hg. Les animaux contrdles ont regu du salin intraveineux, alors que les animaux traités ont regu
de la dizocilpine, soit 1 mg/kg iv 20 min pré-ischémie, 1 mg/kg iv 20 min post-ischémie, 10 mg/kg iv 20 min post-
ischémie, 10 mg/kg ip 2 hrs post-ischémie, 10 mg/kg ip 24 hrs post-ischémie. Les groupes recevant de la dizocilpine
avant et jusqu’a 20 min apreés ’ischémie ont tous présenté une diminution significative du nombre des neurones morts
évalué par examen histopatholgique quantitatif de I’hippocampe, du noyau caudé et du cortex cérébral aprés une
semaine de convalescence. Cependant, la dizocilpine administrée soit 2 ou 24 hrs apres I’ischémie ne conférait aucune
protection. Ces observations suggérent que la dizocilpine, un antagoniste non-compétitif du NMDA, peut étre d’une
certaine utilité pour protéger le cerveau de la nécrose neuronale au niveau de I’hippocampe et du cortex apreés une
agression de courte durée consistant en une ischémie cérébrale transitoire intense. Il est a souligner que I’intervention
pharmacologique dans la période post-ischémique a été€ utile pour prévenir la mort neuronale, & la condition que la
médication soit administrée en dedans de la fenétre thérapeutique de la dizocilpine.
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There is mounting evidence for a role of the N-Methyl-D-
Aspartate (NMDA) subtype of excitatory neuronal receptors in
the pathophysiology of ischemic brain damage.!-3 The concept
of receptor mediated neuronal necrosis opens up therapeutic
possibilities for pharmacologic blockade of the receptors medi-
ating ischemic neuronal death.

Dizocilpine, or MK-801 is an effective blocker of central
NMDA receptors*5 even when given parenterally, due to its
lipophilia and penetration of the blood brain barrier.6 Originally
studied for its pronounced anticonvulsant, sympathomimetic

and anxiolytic properties,’ pharmacologic studies thereafter
found dizocilpine to be a potent, stereoselective, non-competi-
tive antagonist of the N-methyl-D-aspartate (NMDA) recep-
tor,4:5.10.11 exerting its block in a use-dependent manner.6.12-14
Numerous groups have shown dizocilpine to be effective in
reducing or even abolishing the neuronal necrosis seen after
episodes of either global2.5.15 or focal!6-18 ischemia. Based on
this, we investigated the potential of several regimens of the
non-competitive NMDA antagonist dizocilpine in protecting
against ischemic neuronal necrosis. The results suggest
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dizocilpine is effective in the rat if administered sufficiently
early after ischemia.

MATERIALS AND METHODS

Ischemia was induced in 39 male Wistar rats (277-506 g) by
a modification of the previously described model of Smith and
co-workers.!9 Essentially, transient forebrain ischemia was
induced by a combination of carotid clamping and hypotension.
Rats were anaesthetized in 3% halothane (MTC
Pharmaceuticals, Mississauga, Ont.), intubated and ventilated
on a Starling type ventilator, using a 2:1 N,O:0, mixture con-
taining 0.7% halothane. A tail vein was cannulated and continu-
ous infusion of suxamethonium chloride (2 mg/hr.) was used to
maintain paralysis during surgery. The ventral tail artery was
cannulated and blood pressure (BP) was recorded via a Statham
transducer (Gould P50, Oxnard, Calif.). BP readings were auto-
matically digitized every 6 seconds and recorded on the hard
disk of a computer. A central venous catheter was inserted into
the right jugular vein and attached to a pre-warmed heparinized
syringe.

Halothane was discontinued and after a period of physiolog-
ic stabilization of roughly 20 minutes, rats were given 5 mg/kg
iv Trimethaphan (Arfonad, Hoffman-Laroche, Toronto Ont.) to
counteract the Cushing response during carotid clamping. The
ganglion blocker was used to reduce the catecholaminergic
response to carotid clamping, and allow for maintainance of the
BP at 50 mm Hg by controlled exsanguination. During the sub-
sequent drop in blood pressure, blood was withdrawn into the
heparinized syringe to further lower the BP to 50 mm Hg, at
which time two Moria vessel clamps were placed on the carotid
arteries. BP was maintained at S0 mm Hg by withdrawal and
reinfusion of the shed blood via the central venous catheter.

After 10 minutes of ischemia, the carotid clamps were
released and the exsanguinated blood was reinfused. Control
animals received no drug, while treated animals received
dizocilpine (MK-801, (+)-5-methyl-10,11-dihydro-5H-diben-
zo(a,d)cyclohepten-5,10-imine maleate) according to the fol-
lowing regimens: (A) 1 mg/kg iv 20 min. pre-ischemia, (B)
I mg/kg iv 20 min. post-ischemia, (C) 10 mg/kg iv 20 min.
post-ischemia, (D) 10 mg/kg ip 2 hrs. post-ischemia, (E)
10 mg/kg ip 24 hrs. post-ischemia.

Animals were extubated when respiratory efforts were
resumed, and allowed to recover for a seven day survival peri-
od. All rats were euthanized one week post-ischemia by anaes-
thesia in 2 - 3% halothane, intubation, thoracotomy, and trans-
cardiac perfusion with 4% formaldehyde, phosphate-buffered to
pH 7.35.

The brains were removed one day after perfusion fixation,
processed in graded ethanols and xylol, and embedded in paraf-
fin. Subserial sectioning was performed in order to obtain sec-
tions from the cerebral cortex, hippocampus, caudate nucleus,
diencephalon, brainstem, and cerebellum in all animals.

The ischemia model used produces dense cerebral ischemia
at the septal hippocampal levels 1 to 4 (Figure 1) but temporal-
ly, blood flow from the posterior circulation results in border-
line ischemia at levels 5 and 6!9 with a resultant paucity and
variability of damage. For this reason, only hippocampal septo-
temporal levels | - 4 were quantitatively assessed for
histopathologic damage. Neuronal death was quantitated by one
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Figure 1 — Hippocampal levels shown diagrammatically to indicate
the septo-temporal levels sampled for histologic quantification.
Data on hippocampal newronal loss was derived from levels | - 4,
as little damage was seen at levels 5 & 6, likely related to the
incomplete ischemia produced at these levels in this model.!

of us (MR) blinded to the animal group. Counts of acidophilic
neurons, known to be necrotic from previous work,20 were
obtained by direct visual examination of hippocampal levels |
to 4 (Figure 1), chosen from sections taken every 200 um
throughout the hippocampus. The nuclear and cytoplasmic out-
lines were indistinct in the acidophilic neurons, indicating cyt-
orrhexis and karyorrhexis.

In the cerebral cortex, sampled at the coronal level of the
subfornical organ, the total number of acidophilic neurons in all
cortical laminae was summed for each hemisphere. The caudate
nucleus was sampled at the coronal level of the septal nuclei at
their widest point. Two dorsolateral 630 pm diameter micro-
scopic fields were examined bilaterally.

RESULTS

Clinically, the course of treated and untreated rats was differ-
ent. Untreated ischemic control animals could be extubated
within 30 min. of the ischemic episode. Rats treated with intra-
venous (groups B-D) or intraperitoneal (groups E and F)
dizocilpine could not be extubated until 30 - 90 min. after
surgery due to slower recovery of respiratory efforts, and
remained in a cataleptic state for 24 - 48 hrs. after surgery. They
failed to groom themselves, and lay motionless in the cage with
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Figure 2 — High-power photomicrograph of the hippocampal CAl
pyramidal cell band in an untreated animal (A), and a rat treated
with dizocilpine (B) 10 mgikg iv 20 min. after 10 min. of transient
forebrain ischemia. One week survival. 2% phloxine, 0.1% cresyl
violet. Bars = 100 pm.

the eyes open, for the first day. On the second day following
ischemia, dizocilpine treated rats showed ataxia on walking,
with a poor righting reflex. All dizocilpine treated rats became
indistinguishable from untreated ischemic controls by the 4th
postischemic day. The neurobehavioural effects of dizocilpine,
and their time course thus resembled those seen in naive rats
given dizocilpine?! and may be accounted for by NMDA recep-
tor blockade.2!-23

Histologically, a protective effect was seen in the hippocam-
pus (Figure 2), where low dose dizocilpine (1 mg/kg iv) admin-
istered either pre- or post-ischemically significantly reduced the
number of necrotic neurons. High dose dizocilpine (10 mg/kg)
administered in the post-ischemic period significantly reduced
neuronal necrosis (p < 0.001) but only when given 20 min. post
ischemia (Figure 3). Neither the group treated 2 hr. nor 24 hrs.
after ischemia showed a significant difference in quantitated
hippocampal necrosis from untreated control animals (Figure
3).

Extra-hippocampal damage was seen in the cerebral cortex
of 5/6 control animals and in 11/33 of dizocilpine treated ani-
mals. Within any of the treated groups, individual animals
showing hippocampal protection also exhibited neocortical pro-
tection (see Table 1). However, taken as a group, only low dose

342

https://doi.org/10.1017/5031716710002919X Published online by Cambridge University Press

dizocilpine (1 mg/kg) and high dose dizocilpine (10 mg/kg)
both given 20 min. post-ischemia reduced damage significantly
below that seen in controls (p < 0.0.1 and p < 0.0005 respective-
ly).

In the caudate nucleus damage was only seen in two animals.
One control rat had 6% neuronal necrosis while a rat given a
low dose dizocilpine (1 mg/kg) post-ischemia showed only scat-
tered necrotic striatal neurons.

DISCUSSION

The most significant finding in this study is that dizocilpine
has the ability to reduce or abolish neuronal necrosis in the
cerebral cortex and hippocampus when administered after
dense, transient forebrain ischemia. Our findings in the rat that
pharmacologic intervention is ineffective 2 hrs. or longer after
the ischemic insult contrasts with those obtained in the gerbil by
Gill and co-workers,!5 who found that dizocilpine afforded
some degree of neuroprotection if administered up to 24 hrs.
after an ischemic insult. The fact that both the 2 hr. and 24 hr.
post-ischemia groups were given the dizocilpine intra-peri-
toneally cannot explain our results, since the cataleptic state of
the animals indicates adequate central penetration of the drug,
which readily crosses the blood brain barrier. More likely is the
explanation that that the drug arrived in the CNS after irre-
versible cytotoxic events had already occurred.

Dizocilpine has demonstrated a neuroprotective effect in
several animal models, including neonatal hypoxia-ischemia,24
transient forebrain ischemia in the gerbil,2.!5 and focal cerebral
ischemia in the cat.!6.!7 The present findings extend these
observations to forebrain ischemia in the rat, and further support
the notion that post-ischemic intervention is practical and effec-
tive in reducing brain damage.
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Figure 3 — Percent necrotic neurons in the entire CAl pyramidal cell
band. The mean percentages for each group (+ SEM) are shown,
but were converted using the arcsine transformation3? 1o allow the
use of an independent Student’s T-test. Group A, control, 10 min.
ischemia, no dizocilpine. Group B, 1 mglkg iv dizocilpine 20’ pre-
ischemia. Group C, I mgikg iv dizocilpine 20’ post-ischemia. Group
D, 10 mgikg iv dizocilpine 20’ post-ischemia. Group E, 10 mglkg ip
dizocilpine 2 hrs. post-ischemia. Group F, 10 mglkg ip dizocilpine
24 hrs. post-ischemia. Neuronal necrosis is reduced by dizocilpine
in the pretreated group B (p < 0.05), and the 20 min. posttreated
groups C (p < 0.05) and D (p < 0.001), independent Student’s T-
test.
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Table 1: Relationship Between Dizocilpine Administration and Number of Cerebral Hemispheres Exhibiting Dead Neurons

Number of Hemispheres Exhibiting:

< 10 dead 10 - 100 dead 100 - 1,000 dead
Treatment neurons neurons neurons n= admin.

A control no dizocilpine 3 7 2 6

B 1 mg/kg 20’ pre-ischemia 4 8 0 6 iv
*C 1 mg/kg 20" post-ischemia 10 2 0 6 iv
*D 10 mg/kg 20’ post-ischemia .18 0 0 9 iv

E 10 mg/kg 2 hrs. post-ischemia S 4 3 6 ip

F 10 mg/kg 24 hrs. post-ischemia 2 7 3 6 ip
*p<0.01 b
+g <0.0005 } Fisher’s Exact Test

The post-ischemic time interval after these ischemic insults REFERENCES

during which dizocilpine remains effective varies in the litera-
ture.!5.17 Using a model of neonatal hypoxia/ischemia, one
group showed that dizocilpine was capable of reducing the vol-
ume of hemispheric necrosis when administered 1!/ hrs. into
the insult, with a lesser protective effect at 11/2 hrs. or 21/2 hrs.24
It has also been shown that dizocilpine reduces the volume of
ischemic damage in permanent focal ischemia in the cat, when
given 2 hrs. after the onset of occlusion.!? In a gerbil model of
transient forebrain ischemia another group showed a protective
effect as late as 15 - 24 hrs. post-ischemia, with a dose-depen-
dent reduction in hippocampal CA1 necrosis.!5 Taken together
with the present findings, these results indicate that a definite
time interval for the post-ischemic “temporal window” cannot
be given, but it is clear from all the studies that the effectiveness
of dizocilpine diminishes beyond a post-ischemic period of one
or two hours.

The fact that dizocilpine is at all effective in preventing neu-
ronal death when given after the ischemic episode can be
attributed to the now well known phenomenon of delayed
neuronal death after ischemia,25.26 in which neurons die after a
post-ischemic interval rather than immediately after ischemia.
This phenomenon of maturation of ischemic damage is now
well described in several animal species?7-29 and probably
occurs as well in humans suffering brain damage due to cardiac
arrest.30

The apparent universality of the phenomenon of the delayed
nature of ischemic brain damage in mammalian species, and the
effectiveness of dizocilpine even after ischemia, justifies a
guarded optimism for the treatment of ischemic brain damage in
clinical situations. The human hippocampus is consistently
damaged in global ischemia,30-35 giving rise to variably dis-
abling degrees of memory deficit.32.36.37 In the rat, learning and
memory function are similarly sensitive to subtotal damage lim-
ited to the hippocampus.38 Should it be possible to demonstrate
neurologic improvement in additional to reduced histologic
damage in experimental animals, post-ischemic therapy with
intravenous dizocilpine might be considered in man.
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