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Abstract––The potential of most N-methyl--aspartate antagonists as neuroprotectants is limited by side
effects. We previously reported that memantine is an open-channel N-methyl--aspartate blocker with a
faster off-rate than many uncompetitive N-methyl--aspartate antagonists such as dizocilpine maleate.
This parameter correlated with memantine’s known clinical tolerability in humans with Parkinson’s
disease. Memantine is the only N-methyl--aspartate antagonist that has been used clinically for
excitotoxic disorders at neuroprotective doses. Therefore, we wanted to investigate further the basis of its
clinical efficacy, safety, and tolerability. Here we show for the first time for any clinically-tolerated
N-methyl--aspartate antagonist that memantine significantly reduces infarct size when administered up
to 2 h after induction of hypoxia/ischemia in immature and adult rats. We found that at neuroprotective
concentrations memantine results in few adverse side effects. Compared to dizocilpine maleate, memantine
displayed virtually no effects on Morris water maze performance or on neuronal vacuolation. At
concentrations similar to those in brain following clinical administration, memantine (6–10 µM) did not
attenuate long-term potentiation in hippocampal slices and substantially spared the N-methyl--aspartate
component of excitatory postsynaptic currents, while dizocilpine maleate (6–10 µM) or -2-amino-5-
phosphovalerate (50 µM) completely blocked these phenomena.

We suggest that the favorable kinetics of memantine interaction with N-methyl--aspartate channels
may be partly responsible for its high index of therapeutic safety, and make memantine a candidate drug
for use in many N-methyl--aspartate receptor-mediated human CNS disorders. ? 1998 IBRO. Published
by Elsevier Science Ltd.
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Excitotoxic neuronal injury in focal hypoxia/
ischemia, epilepsy, trauma, and certain degenerative
diseases is largely mediated by overactivation of the
N-methyl--aspartate (NMDA) glutamate receptor

subtype (for reviews see Refs 9, 37 and 41). There
is extensive literature regarding neuroprotection by
NMDA antagonists in disease models in vivo and
in vitro. However, the clinical potential of many
experimental drugs is hampered by the fact that they
indiscriminately block physiologic effects of NMDA
receptor activation at neuroprotective doses.37,41

Adverse effects range from hallucinations and
sedation to learning and memory deficits. NMDA
receptors are important for the induction of
long-term potentiation (LTP), and a number of
NMDA antagonists have been shown to block this
phenomenon.29,50 In addition to neurobehavioral
effects, dizocilpine maleate (MK-801) and other
NMDA antagonists have been shown to cause acute
but reversible neuronal vacuolation when systemi-
cally administered at neuroprotective doses.45,46 In
the immature brain, the potential for adverse effects
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of NMDA blockade is greater, as application of
NMDA antagonists such as MK-801 can affect syn-
aptogenesis, activity-mediated neuronal outgrowth,
and chronically increase seizure susceptibility.13

We have previously reported that memantine
(1-amino-3,5-dimethyladamantane hydrochloride) is
an open-channel NMDA blocker with faster kinetics
of action than other uncompetitive NMDA antagon-
ists such as MK-801.7,27 Memantine has been used
clinically for years outside the U.S.A. for Parkinson’s
disease, spasticity, and dementia, and its clinical
effectiveness probably stems from its NMDA
receptor-blocking actions.5,18,30–32,43,53 Due to its
kinetics of interaction with NMDA channels,
memantine predominantly acts as an NMDA
open-channel blocker in the presence of prolonged
elevation of glutamate concentration (on the scale of
tens of minutes or longer) but is relatively inactive
when glutamate is elevated for only milliseconds, as
in synaptic transmission.7 Hence memantine more
effectively blocks the NMDA receptor as glutamate
or other agonists rise in diseased areas of the brain
for prolonged periods compared to physiological
levels. In contrast, MK-801 has much slower un-
blocking rates and therefore exerts a high degree of
NMDA blockade even at physiological glutamate
concentrations in normal brain regions. We and
others have shown that memantine is neuroprotective
in rodent models of cerebral hypoxia/ischemia when
systemically administered prior to the insult.8,57

While both memantine and MK-801 protect against
NMDA-induced neurotoxicity in vitro and hypoxia/
ischemia in vivo, we hypothesized that, due to the
more rapid unblocking rate of memantine com-
pared to MK-801, memantine would result in fewer
adverse effects on NMDA receptor-mediated activity
involved in physiological events. Therefore, we com-
pared the two drugs at neuroprotective concen-
trations for effects on (i) water maze performance, (ii)
LTP, (iii) excitatory postsynaptic currents (EPSCs),
and (iv) neuronal ultrastructure.

EXPERIMENTAL PROCEDURES

In vivo hypoxia/ischemia

Two separate protocols were employed to induce
hypoxia/ischemia in immature versus adult rats. For the
immature studies, 12-day-old rats (Long–Evans, Charles
River, MA) underwent bilateral carotid ligation followed by
hypoxia modified from Jensen et al.26 Adult rats underwent
unilateral middle cerebral artery occlusion using a modifi-
cation of the filament model described by Longa et al.39 All
rats were housed in the institutional animal facility on a
12-h light/dark cycle, and all surgical and handling proce-
dures were approved by the Institutional Animal Care and
Use Committee.

In vivo bilateral carotid ligation in combination with hypoxia
in immature rat pups

Long–Evans rat pups, postnatal day 12 (P12), were used
in this study. All pups underwent ligation of both common
carotid arteries via a unilateral midline incision under ether
anesthesia as previously described.26 The vagus nerve and

sympathetic chain were carefully reflected away from the
carotid artery. To avoid bleeding, the carotids were first
cauterized and then bisected using a scalpel blade. The
incision was closed using 6.0 nylon suture, and the animals
were allowed to recover for 3 h before being placed in an
airtight chamber containing 8% O2/balance N2. Tempera-
ture was controlled at 33)C in the chamber during hypoxia.
Animals were exposed to hypoxia for 30 min and then
returned to room air. Following hypoxia, pups were main-
tained at 33)C in a cage away from the dam and nutrition-
ally supplemented with 5% dextrose in 1/2 normal saline at
5% body weight/day as per Schwartz et al.54 Differences
in survival between experimental and control groups was
determined using a Fisher’s exact test. Magnetic resonance
images (MRI) of rat brains were obtained at 48 h after
hypoxia. Pups were sedated with chloral hydrate
(100–150 mg/kg, i.p.), as it is does not affect glutamate
toxicity, unlike barbiturates or ketamine.6 A 4.7 Tesla small
bore Biospec magnetic resonance imaging system was used
to obtain images with the following parameters: T2
weighted spin echo images, TR 2550, TE 100, FOV 4 cm,
with a slice thickness of 1 mm, and acquisition time of
10 min 53 s. The area of infarction and total brain area were
digitized for serial images to determine stroke volume as a
percentage of total brain volume in each animal. Prior
experience with this method8,26 showed good correlation
between the MRI and histology. Total volume of infarct
was compared between control and memantine-treated rats
using paired t-tests.

Middle cerebral artery occlusion/reperfusion in adult rats

The protocol for reversible middle cerebral artery
occlusion (MCAO) by filament insertion without
craniotomy was used.39 Adult spontaneously hypertensive
rats were anesthetized by nose cone with isoflurane (5% for
induction and 1% for maintenance) and a 2:1 mixture
of nitrous oxide and oxygen. Body temperature was main-
tained by a heating blanket, which was servo-controlled
at 37&1)C by a rectal temperature probe. Mean blood
pressure, arterial blood gases, and glucose were monitored
in a subset of rats in the memantine and control groups
(n=3 per group). The surgeon was unaware of the treatment
group. The left internal carotid artery (ICA) was exposed
through a midline cervical incision under a dissecting
microscope. All of the extracranial branches of the left ICA
were ligated. A 4.0 monofilament nylon suture with a
flame-rounded tip was inserted into the lumen of the
external carotid artery and advanced distally into the ICA
approximately 20 mm to the base of the anterior cerebral
artery (ACA). Anesthesia was maintained for the duration
of the surgical procedure, which typically lasted 30 min.
Ischemia was induced for 2 h by leaving the filament
occluding the MCA. After the 2-h occlusion period, the rats
were reanesthetized. Reperfusion was accomplished by
withdrawing the intraluminal filament.

Forty-eight hours after reperfusion, the rats were killed
with a lethal i.p. dose of pentobarbital (150 mg/kg). The
brains were immediately removed, and 2.0 mm coronal
sections were cut with a tissue chopper. To assess infarct
size, the brain sections were stained with 2% 2,3,5-
triphenyltetrazolium (TTC) in phosphate buffer at 37)C for
30 min.10,52 These sections were fixed in 4% paraformalde-
hyde in phosphate buffer for analysis and photography. The
image of each brain section was digitized and the infarcted
area was measured by a masked observer (NIH 1.55 image
analysis software on a Macintosh Centris 650 computer).
To minimize the effect of brain edema, calculation of the
infarcted volume was indirectly determined by subtracting
the volume of the uninfarcted ipsilateral hemisphere (left)
from the contralateral hemisphere (right).35,59 Infarction
volume was then represented as percent of the contralateral
hemisphere.
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Memantine treatment

Rats were administered memantine (Merz, Germany or
Panorama, Inc., CA) via i.p. injection in a phosphate-
buffered saline (PBS) vehicle or an equivalent volume of
vehicle alone. In the pup experiment, memantine was ad-
ministered 1 h following the end of hypoxia. In the adult
animals, treatment was started 2 h after the onset of MCA
occlusion. A 20 mg/kg i.p. memantine administration to the
rodent results in a brain concentration of 1–10 µM within
30–60 min.2,24,62 Here, memantine was administered over a
48-h period, with a loading dosage of 20 mg/kg followed by
a maintenance dose of 1 mg/kg every 12 h to sustain levels
of approximately 1–10 µM in brain tissue because the
half-life of the drug is approximately 12 h.8,62 The concen-
tration of 1–10 µM is similar to that found in a patient
chronically treated with memantine for Parkinsonism,53 and
hence is in a clinically tolerated range. In terms of potential
neuroprotection, the dose–response curve of memantine
antagonism for NMDA channels at a steady-state concen-
tration of 200 µM NMDA has an IC50 of approximately
1 µM.

Rectal and cranial temperature measurements in memantine-
and vehicle-treated animals with experimentally induced
hypoxia/ischemia

Because other NMDA antagonists have been observed to
decrease body temperature, we evaluated the effect of
memantine on temperature in a subgroup of rats at both
ages. For the rat pups, animals were maintained in a cage
on a heating blanket at 33)C, and rectal and cranial
temperatures were measured at 60 min prior to hypoxia,
and immediately, 30, 60, and 120 min following hypoxia,
and then again at 24 and 48 h. Cranial temperatures were
obtained by positioning a subcutaneous temperature probe
through a scalp skin incision under local anesthesia.4 For
the adult rats, MCAO was performed and rectal tempera-
ture was obtained at the same time-points before and after
memantine treatment as in the pups. A one-way, repeated
measures analysis of variance (ANOVA) was used to deter-
mine temperature differences between memantine- and
vehicle-treated animals.

Electron microscopy

A modification of the protocol of Olney et al.46 was used
to compare the effects of memantine and MK-801 on
neuronal vacuolation in retrosplenial and cingulate
neurons. Female Sprague–Dawley rats (Charles River, 240–
260 g) were used as in the original study describing vacuole
formation in neurons located in retrosplenial and posterior
cingulate cortex following systemic administration of MK-
801. Rats were injected i.p. with either MK-801 (1 mg/kg) in
normal saline, memantine (1 mg/kg or 20 mg/kg) in PBS or
vehicle solution alone (PBS). Four hours later, they were
given an overdose of pentobarbital (100 mg/kg) and per-
fused transcardially with fixative (2% paraformaldehyde,
1.5% glutaraldehyde, 1 mM CaCl2 in 0.1 M cacodylate
buffer at 35–37)C). After 20 min of perfusion, the brains
were left in the cranium for 30 min and then removed. The
retrosplenium/cingulate cortex was dissected and sectioned
into 400-µm-thick blocks. Sections were transferred to 1%
osmium tetroxide overnight, dehydrated through various
ethanol concentrations (30, 50, 70, 95, 100%), transferred to
propylene oxide, then embedded flat in Epon. Thick sec-
tions (1 µm) were cut and stained with Toluidine Blue to
select fields containing retrosplenial/cingulate neurons.
Selected regions were cut with a diamond knife on an LKB
ULTRA microtome to yield sections of pale gold interfer-
ence colors (2600–900 nm thickness), then mounted on
200-mesh grids and stained with uranium and lead salts. A
JEOL 1200EX electron microscope was used for viewing the
samples by an investigator masked to treatment condition.

A vehicle-treated rat was killed and processed on each day
experimental rats were prepared to control for artifactual
vacuolation due to possible processing error. Experimental
rats were analysed only when the matched control
rat was found to have normal ultrastructure without
vacuolation. A Fisher’s exact test was used to determine
significant differences in vacuolization between MK-801
and memantine-treated rats.

Water maze testing

Adult male Sprague–Dawley rats were treated with
MK-801 (1 mg/kg, i.p., every 24 h), memantine (20 mg/kg,
i.p. initially, then 1 mg/kg maintenance every 12 h),
or normal saline. These concentrations of MK-801 and
memantine were chosen because they yield approximately
comparable levels of neuroprotection in the stroke models
used here8 as well as in previous in vitro work.34,36,49 In each
group, treatment was initiated 48 h prior to the first day of
testing. The paradigm used was based on a modification of
the water-maze procedure initially described by Morris.42

The water maze consisted of a circular pool 125 cm in
diameter and 70 cm deep.27 The pool was filled to cover a
moveable platform by 1 cm of water. The water was made
opaque by the addition of milk and kept at room tempera-
ture (22–24)C). On day 1, the rats were placed in the pool
with no platform present for 60 s of habituation to the
apparatus. Starting on day two and continuing until day
five, rats were trained for 24 trials (six trials/day) to locate
and escape onto the submerged platform. We used a pro-
cedure with greater sensitivity than the standard Morris
water maze developed by Whishaw,64 in which the hidden
platform is located in the same place for all trials in each
session, but the location is changed from session to session.
Normal rats learn the new location in one trial in each
session. In each session the platform was moved to a new
position in a pseudo-random sequence, but for all the trials
on a given day the platform remained in the same position.
In each session the rats were released from the four cardinal
compass directions at the pool’s perimeter in pseudo-
random order. The maximum permitted time was 120 s. If
the animal did not escape onto the platform within that
time, it was guided to the platform manually and a score of
120 s was assumed. During the inter-trial interval the rat
stayed on the platform. The latencies to escape onto the
platform were recorded for the three groups and analysed
with a Kruskal–Wallis one way analysis on ranks, with a
Dunn’s method post hoc analysis for pairwise comparisons.

Extracellular recording of long-term potentiation in hippo-
campal slices

Adult Long–Evans rats (275–300 g) were sacrificed by
decapitation, the brains were rapidly dissected from the
skull, and placed in cold artificial cerebrospinal fluid
(ACSF, in mM: NaCl 116; NaHPO4 1.02; NaHCO3 26.19;
KCl 5.37; MgSO4 0.8;CaCl2 3.2; D-glucose 10), pH 7.4,
bubbled with 95% O2/ 5% CO2, at 6)C. The hippocampus
was removed and sliced at 400 µM thickness using a manual
tissue chopper (Stoelting, U.S.A.). Slices were prepared
from the middle third of the hippocampus in a plane
perpendicular to the septotemporal axis. Slices were col-
lected and transferred in cold ACSF and then placed in a
flow-through interface chamber superfused with ACSF at
33.5)C at 38 ml/h. The ACSF and the air interface were
bubbled with a 95% O2/5% CO2 gas mixture. Following a
30-min incubation of the slices in ACSF, the fluid was
exchanged for either ACSF alone or ACSF containing
memantine or MK-801 and incubated for an additional
60 min prior to electrophysiological recording.

Micromolar concentrations of memantine and MK-801
were chosen for comparison for the following reasons. In
our in vitro preparations, at least 10 µM MK-801 is required
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for protection comparable to 2 µM memantine.34,36 A poss-
ible explanation for this follows. MK-801 has a higher
affinity (1–10 nM) for the NMDA receptor than memantine
(21 µM). However, MK-801 has a much slower on-rate
(21000-fold slower at 1–10 nM concentrations) to block
NMDA receptor-operated channels than 1–10 µM meman-
tine.7 Based on these kinetics, for MK-801 to be equally
neuroprotective in an acute paradigm, a concentration of
MK-801 of approximately 100–1000 times its affinity is
required (1–10 µM).24,34,49

Extracellular field excitatory postsynaptic potentials
(EPSPs) in the stratum radiatum of area CA1 were recorded
in response to stimulation of CA3 Schaffer collaterals
according to our previously published protocols.25,28,61

Recordings were performed with a glass microelectrode
filled with ASCF (1–2 MÙ) and the stimulating electrode
was a bipolar tungsten electrode (Fred Haer). An a.c.
amplifier and storage oscilloscope were used to view the
responses, and computerized data analysis was performed
using an A to D board (R.C. Electronics, U.S.A.) and the
Scope software package (gift from G. Rose, Ph.D., Univ. of
Utah). In each slice, the recording electrode was placed in
stratum radiatum at a depth of approximately 100 µm under
the slice surface and 1000 µm from the stimulating elec-
trode. The field EPSP was evoked and then an input/output
curve performed to determine the stimulus intensity re-
quired to produce a half-maximal response. All subsequent
stimuli were delivered at this intensity. Next, paired-pulse
stimuli were delivered at interstimulus intervals ranging
from 6 to 200 ms, and the degree of paired-pulse inhibition
or facilitation calculated for each interval. EPSP slope
values were used in the paired-pulse testing paradigm, and
only one electrode placement was made per slice to avoid
injury to the slice. Baseline responses were recorded every
30 s for 10–20 min. After a period of stable baseline, tetanic
stimulation was applied to the slice (100 Hz, 1 s repeated
once at 20 s). Following tetanus, stimuli were applied every
30 s for 60–90 min in all slices, and in some cases longer.
The percent change in EPSP slope after tetanus was com-
pared to the pretetanus baseline, and a repeated measures
ANOVA was used to compare slopes from control-,
memantine-, and MK-801-treated slices.

Excitatory postsynaptic currents in hippocampal micro-
cultures

Long–Evans rat pups were sacrificed on P0 to harvest
hippocampal neurons for culture, and the micro-island
culture technique developed by Segal and Furshpan55,56 was
used to grow single, isolated excitatory hippocampal
neurons; these solitary neurons form autapses in culture.55

Briefly, neurons from the hippocampal formation of new-
born rats were dissociated and plated on microdots of
collagen-on-agarose substrate. EPSCs were recorded under
voltage clamp from solitary neurons cultured for three to
four weeks. Whole-cell recordings were performed with
patch electrodes using standard methods.21,38 Patch pipettes
were coated with sylgard, fire-polished, and had a resistance
of 24 MÙ in the extracellular solution when filled with a
cesium chloride-rich intracellular solution. The series resist-
ance was compensated using the EPC-7 patch-clamp ampli-
fier circuitry (List Electronics, Darmstadt, Germany).
Recordings were stored and analysed on a PDP 11/73 or PC
compatible computer with Basic-23 or pClamp software
(version 6.0), respectively. The extracellular solution con-
tained in (mM): NaCl 137, NaHCO3 1, Na2 HPO4 0.34,
KCl 5.36, KH2PO4 0.44, CaCl2 3, HEPES 5, glucose 22.2,
glycine 0.003, strychnine 0.003, with Phenol Red 0.001%
(v/v), pH adjusted to 7.2 by 0.3 M NaOH. The intracellular
solution for filling patch electrodes contained (in mM): CsCl
120, tetra-ethylammonium chloride 20, HEPES 10, EGTA
2.25, CaCl2 1, MgCl2 2, pH adjusted to 7.2 with 0.3 M
NaOH.

RESULTS

Protective effect of memantine administered 1 h after
hypoxia/ischemia in immature rats

The rat pup model yielded severe infarction in the
control group at 48 h following hypoxia. Infarction
was seen bilaterally in the neocortex, with necrosis
involving the frontal and parietal regions of cortex.
The occipital cortex showed milder effects, ranging
from sheets of reactive astrocytes, macrophages and
pyknotic neurons to clusters of pyknotic neurons at
the occipitoparietal border. Hippocampal structures
were less affected, with pyknotic granule cells in the
dentate gyrus and variable laminar necrosis in
pyramidal cells of the CA subfields.26 Diencephalic
structures were unaffected in most pups, but scattered
areas of reactive astrocytes, macrophages, and
pyknotic neurons were present in pups with very
severe infarction of the cortex and hippocampus.
Infarct volume as a percentage of total brain was
calculated to be 63.2&6.3% (mean & S.E.M., n=13)
in the control group. In contrast, memantine-treated
rat pups had large regions of cortex spared with
minimal hippocampal and caudate damage. The
mean infarct volume in the memantine-treated rat
pups was significantly less than the controls
(34.9&8.5%, n=14, P<0.02).

Protective effect of memantine administration 2 h after
onset of middle cerebral artery occlusion in adult rats

All rats manifested the behavioral deficit of turning
to the side contralateral to the MCAO, indicating
successful placement of the intraluminal suture. All
rats survived MCAO, and no rats exhibited convul-
sions, tremor, or ataxia. The blood pressure remained
stable without significant differences between control
and memantine-treated rats. No differences were
observed in arterial pH, PO2, glucose or mean blood
pressure between memantine- and vehicle-treated rats
before or after MCAO. Treatment with memantine
resulted in a substantial decrease in the infarction
volume, assessed 48 h after ischemia/reperfusion.
Representative coronal sections are illustrated in
Fig. 1. Quantitative digital assessment of coronal
sections cut from the brains of 25 animals revealed a
significant decrease in infarct size of 230% (P<0.05;
Fig. 2).

Rectal and cranial temperature measurements during
and after infarction

Neither rectal nor cranial temperature appeared to
be significantly altered by memantine in the pup
or adult stroke model, consistent with previously
published results.4,57 Rectal and cranial temperatures
in the control pups 30 min after injection of vehicle
were 30.7&1.5)C (mean & S.E.M., n=4) and
30.6&1.0)C (n=4), respectively. The animals treated
with memantine were not significantly different from
the controls, with a mean rectal temperature of
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30.3&1.2)C (n=4) and a cranial temperature of
30.5&0.9)C (n=4). Similarly, no changes were found
at 60, 90 or 120 min. In the adults, rectal temperature

was 37.9&0.8)C (n=6) 30 min after injection of
vehicle and 38.2&0.7)C (n=6) after injection of
memantine. Similarly, no significant changes were

Fig. 1. TTC-labelled coronal sections through adult rat brain 48 h after unilateral middle cerebral artery
occlusion (MCAO) and reperfusion. Representative coronal sections from animals treated with vehicle
or memantine. Memantine treatment initiated 2 h after the onset of MCAO resulted in significant

neuroprotection compared with vehicle-treated control rats.

Fig. 2. Percentage of infarction area in TTC-stained coronal sections from adult spontaneously
hypertensive rats sacrificed 48 h after ischemia/reperfusion injury using the reversible filament model of
unilateral middle cerebral artery occlusion (MCAO). Memantine, administered 2 h after the onset of
MCAO, resulted in a significant reduction in infarct size (n=11) compared to vehicle-treated controls

(n=14). Values are mean & S.E.M. (*P<0.05, **P<0.01 by ANOVA).
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Fig. 3.
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recorded at time-points between 30 min and 48 h
after MCAO.

Ultrastructural changes after systemic administration
of memantine or glutamate in retrosplenial and cingu-
late cortex

In vehicle-treated control tissue (n=12) grouped
for processing with that of the drug treatment
groups, posterior cingulate and retrosplenial neurons
revealed intact ultrastructure without cytoplasmic or
mitochondrial vacuolation (Fig. 3A). Similar to the
report of Olney et al.46 tissue from all MK-801-
treated rats (n=8) killed 4 h after 1 mg/kg i.p. injec-
tion revealed moderate to prominent vacuolation in
mitochondria and cytoplasm in the cell body with
many vacuoles ranging from 2.5 to 5.0 µm (Fig. 3B).
In contrast, vacuoles were not observed in the cell
bodies of retrosplenial and cingulate cortical neurons
4 h after the loading dose of memantine (20 mg/kg,
n=12; Fig. 3C) or after the maintenance dose of
memantine (1 mg/kg, n=4; Fig. 3D).

Neuroprotective doses of memantine have far less
adverse effects on water maze performance than dizo-
cilpine maleate

MK-801-treated rats (1 mg/kg) exhibited lethargy,
ataxia, slowed movements, and occasional myoclonic
jerks. No such abnormal behavior was observed in
the memantine-treated or control groups. The mean
escape latency per trial for each group is shown in
Fig. 4. A clear deficit in the performance of the
animals treated with MK-801 (n=11) was seen begin-
ning with the first session of testing. MK-801 animals
reached the platform during the first trial in an
average of 105.8 s. In contrast, control rats (n=11)
escaped onto the platform in the first trial in an
average of 63.6 s. Memantine-treated rats (n=11)
performed similarly, escaping on average in 61.0 s.
The MK-801 group had significantly slower latencies
than the memantine and control rats (P<0.05).

Memantine does not block long-term potentiation at
neuroprotective concentrations

Induction of LTP was compared for slices
incubated in ACSF containing MK-801, memantine,
or no drug (control). Consistent with previous
reports, MK-801 (10 µM) completely blocked the
induction of LTP in area CA1 following tetanic
stimulation of Schaffer collaterals. Measures of EPSP
slope showed that both control slices (n=6) and
memantine-treated slices (n=6, 6 µM) were signifi-

cantly enhanced following tetanus compared to
MK-801-treated slices (n=6, P<0.001; Fig. 5). Under
either condition, tetanus induced a 90% increase in
EPSP slope. Additional experiments conducted at
higher concentrations of memantine (n=2, §12 µM)
or APV (n=3, 50 µM) demonstrated attenuated
potentiation of EPSP slope compared to pretetanus
baseline (only a 10–20% increase).

Little effect of memantine compared to dizocilpine
maleate on excitatory postsynaptic currents of hippo-
campal neurons

Using the whole-cell configuration of the patch-
clamp technique, EPSCs were recorded from
autapses of solitary hippocampal neurons that had
been cultured for three weeks. Depolarizing pulses of
5 ms duration to "10 mV from a holding potential
of "60 mV evoked excitatory autaptic currents
consisting of both NMDA (late component) and
non-NMDA (early component) receptor-mediated
currents. EPSCs were relatively spared in the pres-
ence of memantine, with only approximately 30%
attenuation of the late NMDA component of the
EPSC by 6 µM memantine compared to complete

Fig. 3. Electron micrographs of cingulate neuronal cell bodies in adult rats 4 h after i.p. injection of vehicle
or an NMDA antagonist. (A) Vehicle-treated control rat, showing well-preserved ultrastructure in a
representative neuronal soma and surrounding neuropil without any vacuolation of the cytoplasm or
mitochondria (n=12). (B) MK-801 treatment (1 mg/kg, n=8) resulted in severe vacuolation in cytoplasm
and mitochondria. (C) Memantine treatment with the loading dose of 20 mg/kg resulted in no disruption
of normal cytoarchitecture (n=12). (D) Memantine administered at the maintenance dose of 1 mg/kg did

not alter cytoarchitecture (n=4). Scale bar=2 µM.

Fig. 4. Water maze performance on trials 1–24 of platform
training is expressed as mean latency in time for swimming
to the correct platform position for each group. MK-801-
treated rats (open triangles, n=11) showed no learning ef-
fect, with essentially no change in latency over the four days
of testing. The performance of MK-801-treated rats was
significantly worse than the memantine-treated rats (closed
circles, n=11) or controls rats (open circles, n=11) (P<0.05).
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blockade by -2-amino-5-phosphovalerate (-APV)
(50 µM) or MK-801 (6 µM) (Fig. 6).

DISCUSSION

This study demonstrates that the NMDA open-
channel blocker, memantine, is neuroprotective when
administered up to 2 h after the onset of hypoxia/
ischemia. Furthermore, this agent is effective when
systemically administered in both immature and adult
rat stroke models, even up to 2 h after the onset of
ischemia. The efficacy was comparable to MK-801, but
most importantly our studies reveal that memantine
lacks many of the adverse effects that have been re-
ported for other NMDA antagonists, including MK-
801, at neuroprotective concentrations. For example,
at the neuroprotective concentration, memantine dis-
played minimal effects on neuronal ultrastructure,
learning, LTP and synaptic transmission.

Another adverse effect reported with other NMDA
antagonists is the development of neuronal cyto-
pathology several hours after systemic administration.
These studies, reported in rodents, document mito-
chondrial and cytoplasmic vacuolation within neurons
of the retrosplenium and cingulate cortex at doses of
MK-801 between 1–10 mg/kg and ketamine at 40 mg/
kg.1,15,44,46,66 At even higher doses, MK-801 has been
reported to kill cingulate and retrosplenial neurons.66

However, the acute vacuolation seen at 4–6 h with
lower doses of these agents is apparently reversible.
Our study confirmed that vacuolation by electron

microscopy in the neuronal cell bodies of rat cingulate
and retrosplenial cortex 4 h after MK-801 (1 mg/kg,
i.p.). In contrast, memantine produced no vacuolation
in the cell bodies at the maintenance dose of 1 mg/kg or
the loading dose of 20 mg/kg memantine. No other
studies have evaluated the presence of cytoskeletal
damage at our therapeutic concentrations of meman-
tine. Tomitaka et al.60 showed that heat shock protein
(HSP-70) was induced after doses of 25–75 mg/kg
memantine, but not at lower doses, and no analysis
of ultrastructure was reported.

Human patients have tolerated chronic treatment
with memantine for years at similar concentrations to
those used in this study with few, if any, adverse
neurological side effects. Humans do not metabolize
memantine in the brain like rats, so lower dosages in
humans (e.g., 0.1–0.5 mg/kg) yield similar concen-
trations to those used here.63 Two double-blind,
placebo controlled human trials on the treatment of
dementia syndromes with memantine showed that
42 days of 20.5 mg/kg administration of memantine
is clinically safe and effective.12,18,47 In contrast,
other competitive and uncompetitive antagonists
have been reported to have frequent neuropsycho-
logical side effects. The competitive antagonist CGS
19755 and CPP-ene induced psychosis in human
stroke patients and adult volunteers, respectively.20,22

The uncompetitive agent phencyclidine has long been
recognized to have psychotic potential, and the
human anesthetic ketamine causes a psychotic effect
known as an emergence reaction.11,44 MK-801 and
other NMDA receptor antagonists have been shown
to have significant effects on behavior and EEG when
administered at neuroprotective doses.13,65,67

In contrast to MK-801, memantine has little ad-
verse effect on learning in the water maze, even when
the drug is administered over days in the same
semichronic dosage schedule used in the hypoxia/
ischemia trials. We found that MK-801, administered
twice following hypoxia/ischemia, produces a com-
plete disruption of spatial learning. Previous reports
have shown that doses of MK-801 as low as
0.075–0.15 mg/kg blocked the acquisition of water
maze learning when the drug was delivered daily
before each trial.65,66 At doses required for neuro-
protection during ischemia, the competitive
antagonist CGP 37849 (10 mg/kg) and CGP 39551
(11.2 mg/kg) also impair spatial learning.68 Our
results suggest that memantine has fewer adverse
effects on normal behavior than other NMDA
antagonists with neuroprotective efficacy in hypoxia/
ischemia. After our preliminary report of these
findings,58 Barnes et al.2 also reported that 22.5 µM
serum memantine did not affect water maze
performance compared to controls.

We hypothesized that the rapid off-rate of
memantine binding to NMDA receptor-operated
channels provided a mechanism whereby the drug
can produce NMDA blockade under conditions
of hypoxia/ischemia but minimize effects on

Fig. 5. The mean slope of field EPSPs after tetanic stimu-
lation is shown for slices incubated in control artificial
cerebrospinal fluid (ACSF) and for slices incubated in the
presence of MK-801 (10 µM) or memantine (6 µM). Re-
cordings of EPSP slope were obtained at baseline for 20 min
pretetanus and for 60 min following tetanus. Mean EPSP
slope measured for both the control (open circles) and
memantine-treated slices (closed circles) displayed signifi-
cant LTP (approximately two-fold) following tetanus. In
contrast, induction of LTP was blocked in the MK-801-

treated slices (open triangles).
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physiologically-mediated events. The experiments
evaluating EPSCs and LTP at concentrations of
memantine (6 µM) within the range previously re-
ported after chronic treatment in humans were per-
formed to further test this hypothesis. Neither the
amplitude nor the endurance of LTP was altered by
this concentration of memantine in the ACSF. In
contrast, neuroprotective concentrations of MK-801
completely blocked the induction of LTP, consistent
with previously published results.14,23,33,40,51 This
study and its preliminary presentation58 are the first
to show the lack of effect on LTP at concentrations
of memantine within the range used for neuro-
protection from hypoxia/ischemia in vivo. In
addition, similar concentrations of memantine
achieved in vivo by chronic oral administration do

not affect LTP produced in vivo by theta stimula-
tion.14 As in our studies, recent reports demonstrate
that higher concentrations of memantine can block
LTP. However at low micromolar concentrations
(1–10 µM), memantine is quite specific for the
NMDA receptor among other ligand-gated and
voltage-gated channels. At a concentration of
1–10 µM, memantine does not affect kainate/
quisqualate or AMPA receptors,8 glycine-activated
currents,8 GABA-evoked currents,48 or dopamin-
ergic currents.63 Additionally, neuronal nicotinic
acetylcholine receptors on primary neurons are
antagonized by memantine with an IC50>30 µM
(Chen and Lipton, unpublished observations),
although recombinant receptors may be affected
by lower concentrations.5a Similarly, concerning

Fig. 6. EPSCs are blocked by neuroprotective concentrations of MK-801 and -APV but only minimally
by memantine. Autaptic currents were recorded from solitary hippocampal neurons in culture (see
Experimental Procedures). (A) The late component of the EPSC, mediated by NMDA receptor activation,
was totally blocked in the presence of 50 µM -APV (trace c) compared to control (trace a). In contrast,
even after multiple stimulus pulses delivered at 0.2 Hz, EPSC amplitude was relatively spared in the
presence of 6 µM memantine (trace b). This finding was reproducible, with memantine generating only
34&9% blockade of the EPSC compared to control (mean & S.E.M., measured at 250 ms, n=4). (B)
Blockade by MK-801 (6 µM, trace b) progressively increased such that within 5–20 stimulus pulses the
degree of blockade was essentially complete and equivalent to that of -APV (50 µM, trace c) (n=3 and
7 neurons, respectively). The effect of MK-801 was not reversible within the confines of the experiment.

Control record in the absence of NMDA antagonists is shown in trace a.
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voltage-gated currents that could affect neuroprotec-
tion, memantine affects sodium currents only at
concentrations >100 µM.19 Thus, the concentration
of 1–10 µM memantine used in this study is quite
specific for its action as an uncompetitive NMDA
receptor channel blocker.

Finally, we analysed EPSCs in autaptic cultures of
hippocampal neurons. One advantage of this simple
preparation is that it affords maximal drug access to
synaptic sites. Unlike APV and MK-801, neuro-
protective doses of memantine spared a substantial
fraction of the NMDA component of the EPSC. This
occurred at a holding potential ("60 mV) and under
ionic conditions (low Mg2+) at which the voltage-
dependent blockade of NMDA receptor-operated
channels by memantine is maximal. With depolariz-
ation, the effect of memantine on NMDA receptor-
mediated currents is even less prominent.8 How can
this be possible if we also claim that memantine is an
effective neuroprotectant acting via its NMDA
antagonism? An analysis of the kinetics of
memantine action is instructive here. During synaptic
transmission, glutamate in the cleft may rise to
21 mM but the duration of this level is only on the
order of a millisecond. The kinetics of memantine
interaction with NMDA channels are such that
it does not block a significant proportion of
the channels under these conditions.7 Under
pathophysiologic states the situation is quite differ-
ent. Globus et al.17 showed that the extracellular
glutamate concentration continues to rise and re-
mains elevated with longer durations of ischemia.
Additionally, Globus et al.16 estimated that the extra-
cellular glutamate concentration in the striatum dur-
ing 20 min of ischemia would rise to 2200 µM and
return to normal only after 2 h of reperfusion. The
more modest increases in extracellular glutamate ob-
served during and after cerebral ischemia last at least
tens of minutes beyond the ischemia, and thus there is
on average a greater open probability of NMDA
channels for a longer duration than during synaptic
transmission, enabling memantine to move into the
channel and effect blockade. Here we used 30 min of
hypoxia and ischemia in rat pups and 2 h of ischemia
followed by reperfusion in adult rats. These long
durations of ischemia would therefore be expected to
produce elevations in extracellular glutamate concen-
tration that would exceed 200 µM and would be ex-
pected to last longer than the 60 min (for rat pups) to

2 h (for adult rats) after the initiation of reperfusion
that we started memantine administration. Thus, we
conclude that we administered memantine clearly
during the period of glutamate elevation. In contrast,
the elevation of glutamate to 1 mM in the synaptic
cleft lasts only on the order of a millisecond, and for
this reason memantine is unable to block a substan-
tial portion of the NMDA component of the EPSC or
LTP because the probability of encountering an open
NMDA channel is not high enough for a sufficient
period of time to allow memantine to act effectively as
an open-channel blocker.7

CONCLUSIONS

In summary, our findings provide a behavioral,
ultrastructural, and electrophysiological basis for the
observed clinical safety of memantine, a drug that
has been used clinically in Europe for over 15 years.
However, given that memantine was only recently
recognized as an NMDA receptor antagonist,5 which
works via open-channel block,3,7,8 it is not surprising
that its full clinical potential for treatment of NMDA
receptor-mediated neurologic diseases has not yet
been realized. Our results suggest that the advantages
of the kinetics of open-channel blockade displayed by
memantine may be responsible, at least in part, for its
high index of therapeutic safety. By blocking NMDA
channels for a longer period than Mg2+ but shorter
than more toxic NMDA antagonists, memantine
possesses neuroprotective efficacy with relative spar-
ing of physiological function. Ongoing human trials
will determine if this potential of memantine treat-
ment for a variety of neurologic disorders can be
realized in the clinic.37
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