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Abstract
Memantin, a non-competitive NMDA receptor antagonist, is administered to patients with Alzheimer’s disease (AD) to expect partial blocking of NMDA channels 
without dramatically affecting normal transmission of this channel. Recent studies have shown results that memantine can affect the amyloid precursor protein 
(APP), amyloid beta protein (Aβ), and tau metabolism. However, the molecular mechanism underlying memantine-induced neuroprotective effect remain unclear. 
In this study, we investigated the neuroprotective effects of memantine in neurons in vitro. Primary neuronal cultures incubated with Aβ1-42 (3 μM) for 48 h 
exhibited neuronal death, as assayed by LDH release and Calcein AM/PI staining. The Aβ1-42-induced neuronal death was prevented by the addition of memantine 
at concentrations of 1-10 μM. MK801, a competitive inhibitor of NMDA channel, also inhibited neuronal death caused by Aβ1-42 (3 μM). There was no additive 
effect of memantine and MK801 when they were administered together. These results suggest that memantine attenuates neurotoxicity caused by Aβ1-42 via its 
NMDA channel blockade, and that beneficial effects of memantine on AD symptoms may be partially explained by its neuroprotective effects against Aβ.

Introduction
One of the neuropathological hallmarks of Alzheimer’s disease 

(AD) is the formation of extracellular amyloid deposits [1]. The 
major component of these amyloid deposits is the 39- to 42-aa 
peptide of the amyloid Aβ-protein (Aβ) [2,3]. One of the species of 
Aβ, which terminates at residue 40 with a C-terminus (Aβ1-40), is the 
predominant soluble species in biological fluids, such as cerebrospinal 
fluid. The longer form of Aß, which ends at residue 42 (Aβ1-42), 
accumulates and is predominantly found in parenchymal plaques 
[4,5]. Aβ1-42 is normally produced and secreted by cells in much 
lower quantities than Aβ1-40, which comprises approximately 90% 
of the total amount of secreted Aβ. It is thought that aggregated Aβ 
is neurotoxic and can initiate the progression of AD pathophysiology 
[6,7]. Aβ oligomers also play an important role in AD pathogenesis 
[8,9] such that neurodegeneration can be induced in the mouse 
brain without amyloid plaque formation [9]. We previously reported 
that Aβ1-42 is highly amyloidogenic and causes neurotoxicity, while 
Aβ1-40 remains in a monomer form, protecting neurons from metal-
dependent free radical generation [10].

Memantine is a non-competitive NMDA receptor antagonist, with 
moderate binding affinity and rapid receptor kinetics [11,12]. These 
pharmacological properties enable memantine to be administered 
to patients with AD, partially blocking NMDA channels without 
dramatically affecting its neurotransmission. In patients with AD, 
memantine can delay the progression of memory impairments and 
attenuate AD-related symptoms, including visual hallucinations, 
agitation, and delirium. However, it is not completely understood 
whether memantine’s beneficial effects on AD symptomology can be 
solely explained by this mechanism. Recent studies have shown that 
in addition to preventing AD symptoms and improving AD-related 
memory impairments in AD mouse models, memantine attenuates 
the Aβ burden in neuronal cultures and in the APP transgenic (Tg) 
mouse [13-16]. Previous reports have demonstrated that memantine 
treatment at clinically relevant concentrations reduced levels of soluble 
Aβ oligomers, fibrillar Aβ oligomers, and Aβ depositions in APP Tg 
mice [13,15,17]. In addition, memantine treatment also improved 

cognition and reduced phosphorylated tau levels in APP Tg mice 
[13,15]. Memantine rescued soluble Aβ-induced short-term memory 
deficits in a rat model [18] and improved spatial learning and memory 
impairments in APP/PS1 Tg mice via NGF signaling [19].

In parallel with these in vivo data, memantine treatment reduced the 
generation of Aβ42 and the Aβ42/Aβ40 ratio in cultured neurons [16]. 
These data suggest that memantine may be a disease-modifying drug 
for AD by altering Aβ metabolism in the brain. However, the molecular 
mechanisms underlying memantine-induced neuroprotective 
effects are not fully understood. In this study, we investigated the 
neuroprotective effects of memantine on Aβ42-induced neurotoxicity 
in neurons.

Materials and methods 
Materials

Memantine was obtained from Dai-ichi Sankyo Co. Ltd. (Tokyo, 
Japan). Memantine was dissolved in distilled water (DW) at a 
concentration of 100 mM to make aliquots, which were stored at -80 
C until use. Memantine in each aliquot was diluted in the culture 
medium to a concentration of 500 μM and was added into the neuron 
cultures to the final concentrations used for the experiments. MK801 
was purchased from Sigma Aldrich Japan (Tokyo, Japan), and was 
dissolved in DW at a concentration of 5 mM. The aliquots were made 
and stored at -80°C until use. Each aliquot was further diluted to 200 
μM in the culture medium and was added into the neuron cultures to 
make a final concentration used for the experiments. 
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Cell culture

All experiments were performed in compliance with existing laws 
and institutional guidelines. Neuron-rich cultures were prepared from 
cerebral cortices as previously described [10], with some modifications. 
In brief, uteri of gravid rats at embryonic days 17-18 were removed 
under anesthesia. Cerebral cortices from fetal rat brains were dissected, 
freed of meninges and diced into small pieces; the cortical fragments 
were incubated in 0.25% trypsin and 20 mg/ml DNase I in phosphate-
buffered saline (PBS) (8.1 mM Na2HPO4, 1.5 mM KH2PO4, 137 mM 
NaCl and 2.7 mM KCl, pH 7.4) at 37°C for 20 min. The fragments were 
then dissociated into single cells by pipetting. The cells were suspended 
in the feeding medium and plated onto poly-D-lysine-coated 12-well 
plates at a cell density of 2 × 105/cm2. The feeding medium consisted 
of Dulbecco’s modified Eagle’s medium nutrient mixture (DMEM/
F12; 50%: 50%) and N2 supplements. Over 99% of the cultured cells 
were identified as neurons by immunocytochemical analysis using 
monoclonal antibody against microtubule associated protein 2, a 
neuron-specific marker, at 3 days in culture. 

Preparation of Aβ

Synthetic Aβ1-42 (TFA salt) was purchased from Peptide Institute 
Inc. (Osaka, Japan). Aβ1-42 was dissolved in dimethyl sulfoxide 
(DMSO) at 13.3 mM, and diluted with PBS to obtain a 350 µM stock 
solution. 

Viability assay

The release of the cytoplasmic enzyme, lactate dehydrogenase 
(LDH), into culture medium was determined for the quantification 
of cell death. Fifty microliters of culture medium were transferred to 
a fresh 96-well flat bottomed plate and a colorimetric LDH-release 
assay was performed according to the instructions of the manufacturer 
(Promega, WI), and absorbance were read at 490 nm immediately 
thereafter. For determination of total LDH, the neuronal cultures were 
incubated with 100 mM H2O2 for 10 min at room temperature and 
released LDH was determined, and the percentage of released LDH per 
total LDH in each culture was calculated. Calcein-AM and Propidium 
Iodide (PI) staining kit (Dojindo Molecular Tech, Inc., Maryland, 
USA) was used for the determination of live and dead cells in culture. 
The staining was performed according to the cell staining protocol in 
the manual by the company.

Microphotographs

The cultured neurons were taken photographs using Keyence B2-
8000 with objective lens x 20. The living and dead cells in each field 
were counted, and the ratio of live/total cells was determined. 

Statistical analysis

Statistical analysis was performed using StatView computer 
software (Macintosh), and multiple pairwise comparisons among the 
sets of data were performed using analysis of variance (ANOVA) and 
the Bonferroni t-test.

Results
The primary neuron cultures were prepared form rat embryo 

brain as described under the Materials and Methods. To determine the 
effect of memantine on Aβ-induced neurotoxicity, cultured neurons 
were exposed to Aβ1-42 at a concentration of 3 μM in the presence of 
memantine at 0, 1, 2, or 5 μM. Forty-eight h after the commencement 
of incubation, LDH released into the conditioned media was 

determined. The time-dependent effect of memantine on Aβ1-42-
inducing neurotoxicity was shown in Figure 1. Aβ1-42 treatment, at a 
concentration of 3 μM, caused neuronal cell death in a time-dependent 
manner, and memantine treatment attenuated this cell death (Figure 1).  

Figure 2 shows the ratio of LDH released into the conditioned media 
per total LDH in the neuron culture treated with varying concentrations 
of memantine in the presence or absence of Aβ1-42 (3 μM). Cell 
death, as shown as LDH release, was induced by Aβ1-42 treatment 
and this cell death was inhibited by the addition of memantine in a 
dose-dependent manner. Interestingly, cell death induced under the 
culture conditions was also prevented by the addition of memantine, 
suggesting that memantine prevented cell damage induced not only by 
Aβ, but also by culture itself. 

We further determined cell survival and/or cell death by another 
assay system using Calcein AM and PI staining (Figure 3). Similarly to 
the results assayed by LDH release, 3 μM Aβ1-42 induced neuronal cell 
death, and 5 μM memantine alone did not caused cell death. Aβ1-42-
induce neural cell death was attenuated in the presence of memantine 
at 5 μM. Based on the Calcein AM and PI staining, the survival ratio 
and the dead ratio per total cells were determined by counting Calcein 
AM-positively stained cells and PI-positively stained cells. Memantine 
did not have any effect on cell survival, when it was treated alone 
(Figure 4A), and it significantly prevented neuronal cell death induced 
by Aβ1-42 (Figure 4B).

Because, memantine is known to be an uncompetitive NMDA 
receptor antagonist, we compared the neuroprotective effect of 
memantine and the NMDA channel blocker, MK801. As show in 
Figure 5, both memantine and MK-801 significantly inhibited Aβ1-42-
induced neuronal death, and there was no additive effect of memantine 
and MK-801 in terms of neuroprotection assayed by LDH release. 
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Figure 1. Time-dependent LDH release from cultured neurons treated with Aβ1-42 
and/or memantine. Neuronal cultures were prepared from embryonic rat brains. Neurons 
were cultured in DMEM containing an N2 supplement for 2 days, washed in DMEM 3 
times, and incubated in DMEM containing an N2 supplement in the presence or absence 
of 3 μM Aβ1-42 plus memantine (0, 2, or 5 μM). Twenty-four and 48 h later, the culture 
media was harvested and used for the LDH release assay, as described in the Materials and 
Methods section. Data are presented as the mean ± SD. N=3 per group. Three independent 
experiments had similar results. *P<0.01 and **<0.05 vs. control.
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These results suggest that memantine and MK-801 protect neurons in 
the same mechanism that is blocking NMDA channel. 

Discussion
Memantine is a drug prescribed to patients with AD for the 

amelioration of psychological symptoms and to slow the progression 
of this neurodegenerative disorder. It is thought that memantine 
exerts its beneficial effects on AD clinical symptomology and disease 

progression through NMDA receptor antagonism. However, several 
papers have reported that memantine can attenuate Aβ synthesis and 
Aβ burden, as well as ameliorate memory impairments in APP Tg mice, 
indicating that memantine may have other functions. Here, we sought 
to determine whether memantine had neuroprotective effects on Aβ-
induced neuronal cell death in rat primary neuronal cultures. We found 
that memantine attenuated neuronal cell death induced by Aβ1-42 (3 
μM), as determined by the LDH assay and Calcein AM and PI staining. 
We found that memantine attenuated neuronal death induced by Aβ1-
42 (2 μM) and the neuroprotective effect of memantine may be due to 
its antagonism of the NMDA receptor.

The previous reports have shown that memantine, as a NMDA 
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Figure 2. Memantine prevented Aβ1-42-induced neuronal death in a dose-dependent 
manner. Neuronal cultures were prepared from embryonic rat brains as described in 
the Materials and Methods section. Neurons were cultured in DMEM containing an N2 
supplement for 2 days, washed in DMEM 3 times, and incubated in DMEM containing an 
N2 supplement in the presence of Aβ1-42 and memantine at the indicated concentrations. 
Forty-eight hours later, the culture media was harvested and used for the LDH release assay, 
as described in the Materials and Methods section. Data are presented as the mean ± SD. 
N=3 per group. Three independent experiments had similar results. *P<0.01 and **<0.02 
vs. control.
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Figure 3. Cell survival was determined using Calcein AM and PI staining. Cultured 
neurons were treated with memantine (0, 2, or 5 μM) in the presence (B) or absence (A) of 
Aβ1-42 (3 μM) for 48 h. The cells were stained with Calcein AM and PI and imaged using 
a CCD camera.
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Figure 4. Quantification of neuronal survival as determined by Calcein AM and PI 
staining. Cultured neurons were treated with memantine (0, 2, and 5 μM) in the presence 
(B) or absence (A) of Aβ1-42 (3 μM) for 48 h, and then stained with Calcein AM and PI. 
The cultures were imaged with a CCD camera. The number of Calcein AM-positive and 
PI-positive cells were counted in randomly selected fields. Data are presented as the mean 
± SD. N=3 per group. *P<0.02.

40 -

30 -

20 -

10 -

0 -

LD
H

 (%
 o

f t
ot

al
)

0
0
0

2
0
0

2
5
0

2
0
1

2
0
5

2
0

10

2
5
5

2
5

10

Concentration (μM)

Aβ42
Memantine 

MK801

**

Figure 5. Neuroprotective effects of memantine and MK801 in vitro. Neuronal cultures 
were treated with Aβ1-42 (3 μM) in the presence or absence of memantine and/or MK801 
at the indicated concentrations. Forty-eight h later, the conditioned media was collected and 
the levels of released LDH were determined. Data are presented as the mean ± SD. N=3 
per group. *P<0.005.
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channel blocker, inhibits Aβ synthesis in vitro and in vivo, resulting 
in reduced APP, Aβ40, and Aβ42 levels as well as neuroprotection 
[19]. Memantine treatment also can reduce the total cortical levels 
of membrane-bound APP in both Tg and non-Tg mice, which may 
eventually lead to decreased Aβ [17]. Other lines of evidence show that 
memantine can improve memory impairments and the sAPPα/Aβ1-42 
ratio [20,21], which are due to NMDA channel blockade [22,23]. Our 
present study has shown that in addition to Aβ synthesis, memantine 
can protect neurons from Aβ1-42-induced neurotoxicity in a dose-
dependent manner. This effect was also seen with the competitive NMDA 
receptor blocker, MK801. There were no additive effects of memantine 
and MK801 in the attenuation of Aβ1-42-induced neurotoxicity, 
suggesting that the neuroprotective effect of memantine may be due to 
the blockade of the NMDA receptor. In agreement with our results, a 
previous study demonstrated that memantine can protect against Aβ-
induced neuronal degeneration in vivo at therapeutically relevant doses 
[24]. It was also reported that memantine protects neurons against 
Aβ-induced neurotoxicity via prevention of tau phosphorylation [25], 
however, they did not show that this neuroprotection was via NMDA 
channel blockade.

Blockade of the NMDA receptor can inhibit glutamate-induced 
neuronal death. Previous reports have demonstrated that Aβ toxicity 
is associated with elevated glutamate levels and NMDA receptor 
hyperactivity. On the other hand, Aβ can also enhance the activation 
of extrasynaptic NMDA receptors by decreasing neuronal glutamate 
uptake and inducing glutamate spillover, resulting in neurotoxicity. 
The selective enhancement of synaptic activity by low doses of NMDA, 
or a reduction of extrasynaptic activity by memantine, can halt Aβ-
induced neurotoxicity [26]. In support of this, it has been shown that 
cellular damage in AD brains is prominent in areas of glutamatergic 
synaptic plasticity [27]. Several studies have suggested that Aβ-induced 
neurotoxicity is associated with glutamate excitotoxocity [28,29].

Interestingly, memantine attenuates LDH release in neuronal 
cultures in the absence of Aβ1-42. The formation of free radicals, which 
can induce cellular damage, occurs in neuronal cultures across time 
[30], suggesting that free radicals may exert their toxic effects via the 
NMDA receptor. Aβ and NMDA have been reported to induce reactive 
oxygen species in cortical neurons [31]. Free radicals play a key role 
in neuronal damage in various neurodegenerative and vascular brain 
diseases. In addition, memantine is effective in preventing Aβ-induced 
short-term memory impairments [32], and can rescue both neuronal 
oxidative stress and transient memory impairments caused by high 
molecular weight oligomers. However, memantine did not rescue the 
persistent cognitive deficits induced by low molecular weight oligomers 
[33]. These data suggest that memantine may ameliorate symptoms 
in patients with other neurodegenerative and vascular diseases, in 
which ROS generation and/or the NMDA receptor play a role in the 
disease pathophysiology. The immunotherapy is now thought to be 
a promising therapy for AD, but it needs time to produce its effects. 
Thus the findings of this study with memantine as a protector against 
neuronal toxicity via NMDA induced by Aβ, could potentially and 
cooperatively ameliorate Aβ-induced brain damage and memory 
impairment in AD patients who have immunotherapy for AD.
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