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The Rise and Fall of NMDA Antagonists for Ischemic Stroke
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Abstract: It has long been accepted that high concentrations of glutamate can destroy neurons, and
this is the basis of the theory of excitotoxicity during brain injury such as stroke. Glutamate N-methyl-
D-aspartate (NMDA) receptor antagonists such as Selfotel, Aptiganel, Gavestinel and others failed to
show neuroprotective efficacy in human clinical trials or produced intolerable central nervous system
adverse effects. The failure of these agents has been attributed to poor studies in animal models and
to poorly designed clinical trials. We also speculate that NMDA receptor anatagonism may have
hindered endogenous mechanisms for neuronal survival and neuroregeneration. It remains to be
proven in human stroke whether NMDA receptor antagonism can be neuroprotective.

INTRODUCTION

Glutamate receptors in the central nervous
system can be divided into ionotropic and
metabotropic types. Among the ionotropic glutamate
receptors, the N-methyl-D-aspartate (NMDA) receptor
is a ligand-gated calcium (Ca2*) channel. It is a
pentameric or tetrameric heteromer of NR1 and NR2
subunits [1]. Mutliple alternately spliced variants of a
single gene make up the NR1 subunits and four
genes yield the NR2 transcripts. The receptor has
co-agonist sites for glycine, which are usually
occupied at physiological glycine concentrations
meaning that the receptor is usually “glycine-primed”
[2]. Affinity for glycine varies by NR2 subunit [3].
MgZ2* blocks the channel in a voltage dependent
manner at physiological concentrations, but
blockade is lost with depolarization [4].

The NMDA receptor is a pivotal ion channel in the
process of excitotoxicity. Excitotoxicity has been
implicated as a mechanism for neuronal damage in
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the central nervous system (CNS) in multiple disease
states with ischemia being the paradigm [5].
Following transient complete cerebral ischemia, there
is an increase in the levels of the excitatory amino
acid glutamate [6], which has been shown to
activate the NMDA receptor to neurotoxic levels
during energy deprived situations [7]. This excitotoxic
neurotransmission is due to the inward flux of Ca2*
through the NMDA channels following cerebral
ischemia [8]. It was proposed by Simon et al. [9] in
1984 that blockade of the NMDA receptor may
protect neurons in the brain from ischemic damage.

Blockade of the NMDA channel by competitive
antagonism requires high concentrations of the
antagonist because of the high affinity of the NMDA
receptor for glutamate. This is relevant because
adverse events due to competitive NMDA receptor
antagonists such as hallucinations, delirium,
psychosis etc. are dose-dependent. Non-competitive
antagonism is the method of action of the street
drug phencyclidine (PCP) and the anesthetic agent
ketamine. Both are effective at reducing the Ca2*
inward current and have been examined in both
focal and global models of ischemia.

During global ischemia there are intracellular and
extracellular Ca2* concentration changes in the
hippocampus [8,10, 11]. These Ca2* concentration
changes have the largest effect on the CA-1
neurons of the hippocampus [8, 9]. Injection of
NMDA receptor antagonists into the hippocampus
greatly reduced CaZ* influx during ischemia [8].
Systemic administration of NMDA antagonists such
as ketamine or MK-801, also slowed Ca2+ influx
during ischemia [10]; however a secondary rise in
intracellular Ca2* concentrations two hours post-
ischemia was not attenuated by MK-801 [11]
suggesting that alternate secondary mechanisms
may also require blockade to prevent cytotoxic
intracellular rises in Ca2* concentrations.

It appears that it is the large calcium influx that is
the immediate precursor to neuronal cell death [12,
13]. This may be due to the role of calcium as a
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second messenger and its importance in inducing
early immediate genes in apoptotic mechanisms of
cell death [14]. Genetic determinants to the
excitotoxic death phenomenon have been identified
[15]. Different mouse strains have exhibited varying
levels of glutamate excitotoxicity, an indication that
there may be genes that regulate excitotoxic cell
death [15]. Calcium is also toxic to the mitochondrial
inner membrane and may further impair energy
metabolism.

Current treatment of ischemic stroke involves the
use of tissue-plasminogen activator (tPA), which may
enhance the activity of NMDA receptors and
increase excitotoxic lesions in rats [16]. This same
toxicity has not been observed with desmoteplase
[17] and it has been suggested that the toxicity of
tPA is not due to the recombinant protein but
instead due to nitric oxide produced from the L-
arginine carrier present in the preparation,
particularly in permanent focal ischemia (Buchan AM
2003 personal communication).

Most of the clinical trials have tested the
hypothesis that NMDA antagonism, either non-
competitively or by blocking the glycine or polyamine
sites, would reduce clinical injury and result in better
neurological outcomes at three months. All of these
trials have failed [18]. It has been proposed by Choi
et al. [19] that treatment following thrombolysis be
broadened beyond targeting the excitotoxic
mechanism for a more effective therapy. The
corollary is that agonizing inhibitory receptors such
as serotonin and the GABA-A receptors will abrogate
the levels of calcium seen in the intracellular
compartment, but these trials have also faltered.

Traditionally evidence for neuroprotection is
sought first in in vitro models of neuronal cell culture
exposed to either anoxia/aglycemia or glutamate
insults. Promising candidates are then developed in
vivo in rodent and murine models of both global and
focal ischemia. Currently the evidence that
neuroprotection works, lending support for clinical
trials, is based on the in vivo models of focal stroke.
In view of the failure of neuroprotective strategies in
clinincal trials we propose an alternative process of
assessing these agents in the preclinical phase.
Putative neuroprotective agents should show
efficacy in models of both “cytoprotection” (global
ischemia) by reducing CA1 injury, and infarct volume
(focal ischemia) prior to phase Il and lll clinical trials.

ANIMAL MODELS OF STROKE

Animal models of cerebral ischemia have been
well developed in the rat and mouse. Rabbit, dog
and primate models exist but are less commonly
used. Transient forebrain ischemia in the rat involves
occlusion of the vertebral arteries and both common
carotid arteries [20, 21] and results in a selective
neuronal death. This selective neuronal death is
influenced by ischemia duration [22]. A shorter
duration of ischemia results in a slower progression
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of CA-1 damage in the hippocampus [20]. These
models create a transient oligaemia (no blood flow)
to the hippocampus, cortex and striatum during
ischemia followed, after 5, 10, 15 or even 30
minutes, by a prompt recovery of both blood flow
and energy levels (ATP) [23]. The forebrain ischemic
insult although brief is very severe. Importantly,
drugs given following reperfusion cannot influence
the degree of blood flow reduction during the
ischemic insult. In this model, hypothermia even 6 to
24 hours after reperfusion allows for long-term
recovery of cells [24]. There is a prolonged interval of
depressed energy in the hippocampal neurons prior
to cell death [25]. Given the extraordinary sensitivity
of CA4 cells compared with CAj3 cells, any agent that
reverses this selective vulnerability could be defined
as a neuroprotectant. Drugs that prevent CA4 cell
death are likely to attenuate cortical and striatal
injury resulting in reduced infarction following either
permanent or transient focal ischemia.

Focal neocortical ischemia can be induced in the
rat with a micro-aneurysm clip on the distal middle
cerebral artery in conjunction with tandem common
carotid artery occlusion [26]. Mechanical models of
focal ischemia use either an intraluminal suture,
which induces severe ischemia in the striatum and
relatively milder ischemia in the cortex [27], or a more
distal extravascular clip, which may spare the
striatum but results in more severe cortical ischemia
[21]. The infarction in the cortex is associated with a
breakdown in the blood brain barrier and edema
[28]. Components of excitotoxicity, apoptosis and a
subsequent neuro-inflammatory reaction all work in
parallel, resulting in necrosis and the full evolution or
maturation of the infarct.

In lissencephalic species (rodents) there is very
little white matter, the striatum is hard to protect, and
while 50% infarct volume reductions are often seen
in cortex, this reduction in injury may not be static. In
the same way that brief ischemia results in less
infarction, if a longer interval is allowed to elapse this
small infarct will evolve, recruiting the ischemic
penumbra . The ischemic penumbra is defined as
fundamentally reversible and is perhaps
pragmatically characterised by a response to
pharmacological agents [29]. When infarct volume
reductions are seen at 24 or 48 hours, it remains
unclear if a drug induced protection can be
maintained out to 7-28 days or even to three
months, although it has been demonstrated for post-
ischemic hypothermic neuroprotection [30].

Buchan and Pulsinelli used the NMDA antagonist
MK-801 to demonstrate that the neuroprotective
effect of NMDA antagonism may be due to
hypothermia and not the agent itself [22].
Temperature unregulated gerbils treated with MK-
801 showed a lower grade of damage than
untreated. These animals also showed a prolonged
hypothermia. Similar protection was observed when
untreated animals were maintained at 34.5°C, but
both saline and MK-801 treated gerbils showed
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similar damage when rectal temperatures were
maintained at 38.5°C. These effects seem to be due
to the hypothermia induced by MK-801 and not the
agent itself. The effect of hypothermia on calcium
uptake has raised questions regarding the treatment
of excitotoxic cell death [31].

Further work by Buchan et al. [32], failed to
demonstrate MK-801 induced neuroprotection of the
CA-1 neurons following global ischemia in rats when
temperature is controlled. Rats were temperature
controlled to a minimum of 37.5°C during ischemia
and recovery. No neuroprotective effect of NMDA
antagonism by MK-801 was observed following
transient forebrain ischemia.

NMDA antagonists have been assessed
experimentally in focal ischemia. The focal infarct
reductions are in part related to changes in
vasoactivity (increased rCBF) and increases in
tachycardia and blood pressure (also resulting in a
relative change of cerebral blood flow) [33].
Furthermore, much of the earlier work did not use
temperature regulation, and very short periods of
survival were used to assess either histological injury
or behavioural outcome (<3 days). Valtysson et al.
addressed this issue and found that a single dose of
MK-801 simply postponed the stroke injury [34].
Indeed it appears not much has changed in recent
studies with 66% using survival periods of less than
48 hours [35].

NMDA RECEPTOR AND INJURY RECOVERY

Glutamate mediated synaptic transmission is
essential for neuronal survival. Choi et al
intriguenely discovered that NMDA antagonists can
cause proteosome inhibition resulting in selective
apoptosis in striatal and cortical neurons associated
with intracellular calcium starvation [36]. When NMDA
receptors are blocked in the fetal or neonatal brain
apoptosis is triggered [37]. Blockade of NMDA
receptors also increases neuronal death in the adult
brain following injury [38]. The importance of the
NMDA receptors to neuronal survival indicates that
blockade of these receptors may hypothetically result
in decreased neuronal survival long term.

The NMDA receptor has been implicated in
regulating neurogenesis [39]. NMDA receptor
antagonism has been shown to block neurogenesis
in the sub-ventricular zone of rats following global
ischemia [40]. This NMDA mediated neurogenesis
may operate through a common pathway to adrenal
steroids. Blocking of NMDA receptor activation
results in a consequent decrease in corticosteroid
effects on cell proliferation. NMDA receptor may be
downstream to the corticosteroid in this pathway
[41]. Arvidsson et al. [42] found that administration
of MK-801 to rats following transient focal ischemia
resulted in a decreased neurogenesis in the dentate
gyrus. In fact, the number of Bromo-deoxy-uridine
(BrdU) labeled cells on the ipsilateral side in MK-801
treated animals was similar to the contralateral side
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and to sham operated animals. Although reduced
cortical neuronal injury was seen with MK-801,
degree of injury did not correlate with the amount of
neurogenesis, perhaps suggesting that the reduced
neurogenesis in the MK-801 was independent of the
size of stroke injury.

In conclusion, there is evidence to suggest that
that synaptic activity mediated by NMDA receptors
promotes survival of neurons. Blockade of NMDA-
mediated synaptic transmission must be detrimental
in situations when support by endogenous measures
is required, as occurs after stroke. Further evidence
is required to determine the significance of dentate
gyrus neurogenesis in clinical stroke, and the
importance of NMDA receptor regulation of
neurogenesis.

PROBLEMS WITH DRUG TESTING FOR
NEUROPROTECTION

While several good animal model of ischemia
exist, rat models of both focal and global ischemia
have been the most used and it is instructive to re-
emphasize that rats are a lissencephalic species with
proportionally less white matter than humans. Drug
testing in animal models has suffered from a lack of
physiological control resulting in spurious outcomes
[22]. In the ensuing clinical trials there have also
been a series of unexpected physiological
perturbations, which have resulted in deleterious
side effects either leading to excessive toxicity or
causing futility in terms of improving outcome.

A second maijor problem has been the difficulty of
achieving drug levels in humans comparable to
those that achieved neuroprotection in animal
models. Particularly, using competitive NMDA
receptor antagonists, drug development was
abandoned early in human trials because of dose-
limiting toxicity [43].

A third difficulty is that in the animal models, there
is a slow maturation of injury during the first few
days. As a result, observed “neuroprotection” in the
first 48 hours to 7 days is in reality is only a mirage
because injury development has merely been
postponed [23]. In humans, where three month
clinical outcomes are the gold standard, early
neuroprotection will likely have evaporated in tandem
with the slow maturation of injury.

Fourth, the timing of intervention has been
relaxed for human studies, primarily to allow for
adequate recruitment of patients. In most animal
models, benefit has been shown only in the first 1-3
hours after ischemia. Most human studies have used
a 6-hour window or longer. NMDA receptor agonism
by glutamate occurs very early after ischemia onset
such that pharmacological intervention in human
stroke might only be potentially effective within the
first hour of onset or less [44].

Finally, little attention has been paid to the
interspecies differences between rats and humans.
Preclinical neuroprotective studies have
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concentrated almost exclusively on the protection of
cerebral grey matter from ischemic injury. The effects
of neuroprotective therapy, such as NMDA
antagonists, are largely unknown [45, 46]. The
human brain contains a greater proportion of white
matter compared with the rat brain, and the failure of
some neuroprotective trials may be due to an
inability of certain agents to protect against axonal
injury. NMDA antagonsists have never been shown
to protect white matter and they do not protect the
striatum experimentally. Approximately a third of
human stroke is lacunar, yet there are no animal
models of this lacunar stroke. With relatively much
more white matter, little has been done to assess
this important limitation of these drugs in humans.

MAJOR CLINICAL TRIALS OF NMDA
RECEPTOR ANTAGONISTS

Dizocilpine (MK801), the first drug thought to
show consistent neuroprotective effects in pre-clinical
studies, never reached the human clinical trial
development stage because of safety concerns over
histopathological changes in rats [47]. Several
NMDA-R antagonists have reached evaluation in
human Phase Il clinical trials and full discussion of
each drug is beyond the scope of this review. The
reader is referred to a review by Saver et al. [48].
Two examples of prominent direct NMDA antagonist
drugs studied in Phase IIB or Phase Ill trials were
selfotel (CGS 19755) and aptiganel hydrochloride
(CNS 1102). Gavestinel (GV150526) and MgSOQy,
both of which non-competitively inhibit the NMDA
receptor by binding at non-glutamate receptor sites,
have or are being investigated in phase Il clinical
trials.

Selfotel is a lipophillic competitive NMDA-R
antagonist. Tolerable side effects, such as mild
confusion, dysarthria, hallucinations were observed
in initial trials. Two trials with combined enrolment of
567 patients were suspended by the Data Safety
and Monitoring Board at 31% target enrolment
because of increased mortality in the selfotel
treatment group. While 90-day mortality was not
different between groups, early mortality at 30d was
increased in the selfotel-treated group [RR 1.41
95%CI| 0.96-2.1]. This difference was larger for
patients with more severe stroke. No morbidity
benefit was seen among surviving patients. Survival
analysis suggested a very early trend, beginning
within 24 hours, to increased mortality in the selfotel-
treated patients [49, 50].

A majority of patients were treated late; only 13%
were treated within 3 hours of symptom onset.
Further, reperfusion strategies were not yet
approved and hence not used. Many reasons are
postulated for the failure to reproduce pre-clinical
results in the human setting. However, the essential
conclusion is that intravenous selfotel given within 6
hours of stroke onset is probably neurotoxic in the
setting of acute ischemia in humans.
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Aptiganel hydrochloride similarly showed promise
in pre-clinical studies and entered a large Phase IIB
study [51]. After 628 patients were enrolled, the
Data Safety and Monitoring Board combined with the
sponsor stopped the trial. The trial assessed two
dose tiers of aptiganel compared to control. A trend
to higher mortality in the treatment arms was seen
across the three groups (p=0.03). There was no
evidence of benefit among surviving patients.

As in the selfotel trials, more than 90% of patients
were enrolled in the 3-6h time window. Heterogeneity
of stroke type was assured by the unwise decision to
allow enrolment prior to CT scan so that 9% of the
cohort had an intracerebral hemorrhage. Again, the
major conclusion was that aptiganel hydrochloride is
probably harmful for human acute stroke patients.
These two negative trials may be linked in part to
interference by NMDA receptor antagonists with
mechanisms of regeneration and repair.

Gavestinel antagonizes the glycine site on the
NMDA receptor. It was shown to be safe in dose
escalation studies in humans [52], and drug dosing
was similar to that which showed neuroprotection in
the rat model. Two large phase Ill trials were
planned and completed and both were neutral. Both
trials were designed to include a heterogenous
group of stroke patients including intracerebral
hemorrhage since imaging was not mandated prior
to enrolment.

The GAIN International study randomized 1804
patients to treatment or placebo within 6 hours of
stroke onset with absolutely neutral results on the
primary outcome defined by the Barthel Index score
at 90 days. Subset analysis failed to identify any
treatment effect by group. The authors noted that
the stricter criteria for the identification of drugs that
would be neuroprotective in humans were developed
[53] during the phase Il trial and that gavestinel
would not have met al.l of the proposed criteria.

The GAIN Americas study met a similar fate
among 1646 randomized patients [54]. One
subgroup of patients younger than age 75 with
milder strokes did marginally better with treatment.
Although the two GAIN studies were applauded for
innovative design features, the combined conclusion
is that gavestinel is not neuroprotective in humans
when given approximately 5 hours after stroke onset.

The final compound which is undergoing ongoing
studies is magnesium sulfate. Magnesium is a non-
competitive inhibitor of the NMDA receptor, blocking
the ion channel. Several large studies have
examined its efficacy in reducing mortality in the
setting acute myocardial infarction. It has shown to
be effective for managing neurological complications
of eclampsia and is a well-known drug with an
excellent safety profile. It shows moderate
neuroprotective properties after focal ischemia in rats
[55].

The IMAGES study (MgSOy in acute stroke study)
is ongoing and has a MRI sub-study component
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[56]. A new study examining the utility of giving
MgSO4 in the ambulance prior to neurological
assessment and prior to CT scanning is just about to
get underway in the city of Los Angeles. The entire
city has been mobilized to be involved in this trial.
Further data should be available soon on this simple,
potentially widely applicable and possibly effective
therapy.

CURRENT PATH OF RESEARCH

Much of the current research has moved away
from directly blocking the NMDA receptor and instead
focuses on interactions between the receptor and
intracellular signaling mechanisms. The NMDA
receptor subunits have been shown to interact with
the postsynaptic density protein 95 (PSD-95) [57]. In
fact, transient global ischemia induces a change in
the normal interaction of the PSD-95 receptor with
the NMDA receptor subunits [58]. Tymianski et al.
[59] showed that disrupting the PSD-95 protein
blocked nitric oxide production induced by Ca2+
without affecting normal NMDA receptor function,
suggesting that the PSD-95-NMDA receptor
interaction is specific to excitotoxic signaling.
Following transient focal ischemia, perturbation of
the NMDA receptor-PSD-95 interaction seems to
decrease infarct size, improve neurological score and
attenuate the fraction of dead cells [60].

Current animal studies use homogenous strains
of animals with full physiological controls. These
studies are also finished at early time points and do
not accurately depict the long term outcome of
clinical trials and the heterogeneity of the human
population. Future animal experiments require long-
term survival and a more detailed evaluation of
functional recovery, including behavioural testing
over time. Any new agent must be proven to be
cytoprotective with the global model of cerebral
ischemia, and also organoprotective using the focal
model. Organoprotection must be defined by
behavioural outcomes similar to those used in
humans. Further assessment of the role of these
agents on white matter is required, something that
can be achieved by using multiple animal models
beyond the rat. Finally, with the recent observation
stem cells exist and cell regeneration is part of brain
recovery from any insult, any new agent must be
shown not to interfere with mechanisms of repair and
regeneration.

Standards have been published discussing the
necessary steps for pre-clinical drug assessment
prior to moving ahead with large human trials [53].
These include many of the suggestions above. A
recent review suggests that many investigators have
not heeded these suggestions. Simple control of
physiological parameters such as temperature and
post-ischemia temperature have been inadequate.
Failure to use both male and female animals, the
failure to examine behavioural outcomes, and the
failure to examine outcomes beyond the first few
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days after stroke are key inadequacies of recent
studies [61]. Finally, because thrombolysis has
become a standard of care for stroke therapy, pre-
clinical studies must now look at the combination of
thrombolysis and neuroprotection.

Clinical trials should evaluate the agent in
approximately the same conditions that it was proven
effective in the animal model. For example, agents
proven effective in MCA occlusion in animals need to
be tested in patients suffering from a similar
ischemia. The heterogeneity of clinical stroke in
humans may be a strong factor in the multiple trial
failures of the recent past. Timing must be
considered. Relaxation of time windows to improve
recruitment or influence the future potential market
are powerful inducements but have lead to failure.

In summary, it remains quite possible that NMDA
receptor antagonism is neuroprotective in humans
early in the ischemic process. Quite clearly, at later
time windows, it is toxic leading to worse outcomes.
Future development must heed the lessons of past
failures. In the clinical world, it takes at least one
hour for a patient to arrive at the Emergency room
after stroke onset. Many patients arrive late, many
hours after stroke onset. The application of such
NMDA receptor antagonism as a neuroprotective
treatment for stroke will only work in pre-clinical
administration by paramedics in the field. Such an
agent must be incredibly safe because it will be
given to stroke mimics, patients with intracerebral
hemorrhage as well as to patients with ischemic
stroke. Magnesium is currently the only agent that
looks promising in this regard and the large trial
being launched in Los Angeles County, California
should help us answer this question definitively.
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