
Copyright © 2017 The Korean Neurosurgical Society  130

Laboratory Investigation
J Korean Neurosurg Soc 60 (2) : 130-137, 2017
https://doi.org/10.3340/jkns.2016.0101.006 pISSN 2005-3711   eISSN 1598-7876

Memantine Induces NMDAR1-Mediated Autophagic Cell 
Death in Malignant Glioma Cells

Wan-Soo Yoon, M.D., Ph.D.,1 Mi-Young Yeom, B.S.,2 Eun-Sun Kang, B.S.,2 Yong-An Chung, M.D., Ph.D.,3  
Dong-Sup Chung, M.D., Ph.D.,1 Sin-Soo Jeun, M.D., Ph.D.4

Department of Neurosurgery,1 Clinical Research Laboratory,2 Institute of Catholic Integrative Medicine,3 Incheon St. Mary's Hospital,  
The Catholic University of Korea, Incheon, Korea  
Department of Neurosurgery,4 Seoul St. Mary’s Hospital, The Catholic University of Korea, Seoul, Korea

Objective : Autophagy is one of the key responses of cells to programmed cell death. Memantine, an approved anti-dementia 
drug, has an antiproliferative effect on cancer cells but the mechanism is poorly understood. The aim of the present study was to 
test the possibility of induction of autophagic cell death by memantine in glioma cell lines. 

Methods : Glioma cell lines (T-98 G and U-251 MG) were used for this study. 

Results : The antiproliferative effect of memantine was shown on T-98 G cells, which expressed N-methyl-D-aspartate 1 receptor 
(NMDAR1). Memantine increased the autophagic-related proteins as the conversion ratio of light chain protein 3-II (LC3-II)-/
LC3-I and the expression of beclin-1. Memantine also increased formation of autophagic vacuoles observed under a transmission 
electron microscope. Transfection of small interfering RNA (siRNA) to knock down NMDAR1 in the glioma cells induced resistance to 
memantine and decreased the LC3-II/LC3-I ratio in T-98 G cells.

Conclusion : Our study demonstrates that in glioma cells, memantine inhibits proliferation and induces autophagy mediated by 
NMDAR1.  

Key Words : Memantine · Autophagy · N-methyl-D-aspartate · Glioma.

• Received : January 20, 2016   • Revised : July 18, 2016   • Accepted : August 30, 2016 
•  Address for reprints : Sin-Soo Jeun M.D., Ph.D.

Department of Neurosurgery, Seoul St. Mary’s Hospital, The Catholic University of Korea, 222 Banpo-daero, Seocho-gu, Seoul 06591, Korea
Tel : +82-2-2258-2820, Fax : +82-2-594-4248, E-mail : ssjeun@catholic.ac.kr

 This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0)  
which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

INTRODUCTION

Malignant gliomas are the most common primary tumors 

of the central nervous system (CNS) and show poor progno-

sis in spite of multimodality treatments, including extensive 

tumor resection, radiation therapy and chemotherapy26). Re-

cently, many clinical trials of targeted antiglioma agents were 

conducted, but they failed to elicit a therapeutic response in 

malignant gliomas2). The possible reasons for poor outcomes 

in malignant gliomas are the microenvironment and charac-

teristics of glioma cells. The unique environments of the 

CNS, for example, protection by the blood-brain barrier and 

blood-tumor barrier, interfere with the passage of therapeu-

tic agents from the blood to the brain tumor. In addition, the 

highly proliferative and invasive behavior of glioma cells lim-

its the benefits of surgical resection15). 
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Glutamate, an excitatory neurotransmitter released by cer-

tain neuronal cells in the CNS, is also secreted by glioma 

spontaneously and facilitates invasion by the tumor cells24). 

Glutamate also has an autocrine activity inducing the prolif-

eration of glioma cells27). Glioma cells express multiple gluta-

mate receptor subtypes including amino-3-hydroxy-5-meth-

yl-4-isoaxazolepropionate acid receptor (AMPAR) and N-

methyl-D-aspartate receptor (NMDAR)7). In glioma cells, 

AMPAR is believed to promote cellular proliferation and sur-

vival, via activation of the PI3K/AKT pathway, EGFR expres-

sion and the MAPK pathway8,10,23). NMDAR antagonists also 

have the potential for inhibiting tumor proliferation1,17,22,25). 

Dizocilpine, an NMDAR1 antagonist, inhibits proliferation of 

lung cancer cell lines by inhibiting the extracellular signal-

regulated kinase 1/2 pathway25). At present, the NMDAR1-

mediated antiproliferative pathway is poorly understood, par-

ticularly in glioma.

NMDARs consist of 3 subtypes : NMDAR1, NMDAR2, and 

NMDAR3. NMDAR2 has 4 subunits (A–D), and NMDAR3 

has 2 subunits (A and B). NMDAR1 and NMDAR2 are depen-

dent on glutamate11). NMDAR2A and NMDAR2B perform 

different functions in the CNS. The NMDAR2A subunit is 

primarily found in the synapses and is required for glutamate-

mediated neuronal survival. However, the NMDAR2B sub-

unit is primarily found in the extrasynaptic sites and is in-

volved in glutamate-mediated neuronal death6,14). An 

association between NMDAR2B signaling and autophagic cell 

death was reported in traumatic brain injury (TBI)5). TBI in-

duces redistribution of the NMDAR2B multi-protein signal-

ing complex and upregulates expression of the autophagic 

protein beclin-1. Ro25-6981, an NMDAR2B antagonist, influ-

ences autophagic cell death in TBI. 

Memantine, an NMDAR1 antagonist, is clinically effective 

in Alzheimer’s dementia and Parkinson’s disease29). Meman-

tine has an antiproliferative effect on tumor cells1,17,22,25), but its 

effect on autophagy has yet to be elucidated. The aim of this 

study was to test whether memantine can cause autophagic 

cell death in glioma cells. 

MATERIALS AND METHODS

Cell culture
T-98 G and U-251 MG cells were obtained from the Ameri-

can Type Culture Collection (ATCC, Manassas, VA, USA). 

T-98 G cells were grown in Eagle’s minimum essential medi-

um and U-251 MG cells in Dulbecco’s Modified Eagle’s Medi-

um. All media were supplemented with 2 mM/L L-glutamine, 

100 units/mL penicillin, 100 µg/mL streptomycin, and 10% 

fetal bovine serum (FBS) purchased from Invitrogen (Carls-

bad, CA, USA). Cells were incubated at 37℃ in a humidified 

atmosphere containing 5% CO2. 

Growth-inhibitory effects of memantine on glio-
ma cells

Inhibition of growth of the glioma cell lines by memantine 

was evaluated to identify from the concentration required for 

50% growth inhibition (IC50) in comparison with untreated 

controls. Cells were seeded in a 96-well plate at a density of 

104/well in a medium containing 10% FBS and were incubated 

for 48 h. The cells were subsequently washed twice with the 

medium and incubated further with fresh medium (control) 

or with the medium containing 10–600 µM of memantine. 

After exposure to memantine for 48 h, the cells were harvest-

ed by trypsinization and viability of the cell population was 

determined using the CCK-8 assay kit (Dojindo, Kumamoto, 

Japan) according to the manufacturer’s instructions. The ex-

periments were repeated thrice at each concentration.

Western blot analysis
Antibodies were obtained from commercial sources : anti-

NMDAR1, anti-NMDAR2B, and anti-LC3A/B; anti-APG5 

and anti-ULK1 (Abcam, Cambridge, UK); anti-beclin1, anti-

AMP-activated protein kinase (AMPK)  α, and β-actin (Santa 

Cruz Biotechnology Inc., Dallas, TX, USA). 

For the western blot analysis, the cells were rinsed with 

phosphate-buffered saline (PBS) and subsequently lysed for 

30 min on ice in RIPA-B buffer (0.5% Nonidet P-40, 20 

mM Tris-HCl, pH 8.0, 50 mM NaCl, 50 mM NaF, 100 µM 

Na3VO4, 1 mM DTT, and 50 µg/mL PMSF). The insoluble 

material was removed by centrifugation at 12000 rpm for 20 

min. Next, the supernatant was subjected to sodium dodec-

yl sulfate-polyacrylamide gel electrophoresis. The blots were 

blocked in PBS with 5% skim milk and 0.05% Tween 20, 

incubated with the diluted primary antibodies against NM-

DAR1, NMDAR2B, or LC3A/B (1 : 1000; Cell Signaling 

Technology, Denvers, MA, USA); APG5 or ULK1 (1 : 1000; 
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Abcam, Cambridge, UK); beclin-1 or AMPKα (1 : 200; San-

ta Cruz Biotechnology Inc., Dallas, TX, USA), and followed 

by incubation with a horseradish peroxidase-conjugated 

secondary antibodies (1 : 2500; Santa Cruz). β-actin (Santa 

Cruz) was used as a control. The blots were assayed using 

an enhanced chemiluminescence detection system (Image 

Quant LAS 4000mini, Pittsburgh, PA, USA).

Reverse transcription polymerase chain reaction  
(RT-PCR)

Total RNA was isolated from the glioma cell lines using 

RNAiso Plus (Takara, Ostu, Japan) according to the manufac-

turer’s instructions. We synthesized cDNA using 3 µg of total 

RNA and an oligo (dT) primer and PrimeScript reverse tran-

scriptase for reverse transcription PCR (Takara). PCR ampli-

fications consisted of a total of 37 cycles of denaturation at 

94°C for 45 s, annealing at 62°C for 45 s, extension at 72°C for 

1 min with the initial denaturation at 94°C for 5 min, and fi-

nal extension at 72°C for 5 min. NMDAR1 primers used in 

the PCR analysis included forward primer 1, 5′-ATC TAC 

TCG GAC AAG AGC ATC C-3′ and reverse primer 1, 5′-AGC 

TCT TTC GCC TCC ATC AG-3′. NMDAR2B primers in-

cluded forward primer 1, 5′-TCA AGG ATG CCC ACG AGA 

AAG-3′ and reverse primer 1, 5′- GTG GCT TCT TCC TTG 

TGA CAG-3′.

Transfection with small interfering RNA (siRNA)

NMDAR1 siRNA was obtained from Genolution (Seoul, 

Korea). To transfect tumor cells with siRNA, cells (104/well) 

were seeded in 96-well plates and Lipofectamine 2000 (Invit-

rogen) with siRNA were added according to the manufacturer’

s instructions. The cells transfected with scrambled siRNA 

(Genolution) were used as controls.

Transmission electron microscopy (TEM) 

Cell samples were fixed overnight in 4% paraformaldehyde 

and 2.5% glutaraldehyde in 0.1 M phosphate buffer. After 

washing in 0.1 M phosphate buffer, the samples were post-

fixed with 1% osmium tetroxide in the same buffer for 1 h. 

Following which, the cell samples were dehydrated using a 

graded series of ethyl alcohol (50, 70, 90, and 100%) and pure 

acetone. The specimens were embedded in Epon 812 and the 

polymerization was performed at 60°C for 3 days. Ultrathin 

sections (60–70 nm) were made on an ultramicrotome (Leica 

Ultracut UCT, Wetzlar, Germany) and were examined under 

a TEM (JEM 1010, Tokyo, Japan) operating at 60 kV. The 

TEM images were acquired using a CCD camera (SC1000, 

Pleasanton, CA, USA). 

Statistical analysis
Statistical analysis was performed using Student’s t-test. 

Data were calculated as mean±standard errors (SE). Differ-

ences were considered statistically significant at p<0.05.

RESULTS

Antitumor effects of memantine on human ma-
lignant glioma cells 

To determine the antiproliferative effects of memantine on 

malignant glioma cells, we incubated malignant glioma cell 

lines with 0–600 µM of memantine for 48 hr and assessed the 

percentage of viable cells. T-98 G cells showed growth inhibi-

tion by memantine in a dose-dependent manner. The IC50 val-

ue of memantine in T-98 G cells was 400 µM. The IC50 value 

in U-251 MG cells was not identified (Fig. 1). Based on these 

results, memantine had an antiproliferative effect on T-98 G 

cells. 
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Fig. 1. Memantine-induced cytotoxicity in glioma cell lines. After 
incubation with memantine (0–600 μM), malignant glioma cells were 
grown for 48 h starting at a density of 104/well. The number of viable cells 
was counted and expressed as a percentage of the untreated control. 
The results are representative of 3 independent experiments. ∗p<0.05, 
Student’s t-test.
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Fig. 2. Expression levels of NMDAR1 and NMDAR2B in U-251 MG and T-98 G cells. The cell lines were analyzed using western blotting (A) and RT-PCR (B).  
NMDAR1 was present only in T-98 G cells, but NMDAR2B was detectable in both glioma cell lines. β-actin and GAPDH were used as internal controls. 
NMDAR : N-methyl-D-aspartate receptor, RT-PCR : reverse transcription polymerase chain reaction, GAPDH : glyceraldehyde-3-phosphate 
dehydrogenase. 
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400 µM memantine for 48 h. The graph shows the results of densitometric quantitation of western blots, presented as the LC3-II/LC3-I ratio relative to 
the control (0 µM of memantine). LC3-II was significantly increased by 400 µM memantine. B : Protein expression levels of AMPKα, beclin-1, APG5L, and 
ULK1 were evaluated using western blotting after incubation with memantine (0 and 400 µM) for 48 hr in T-98 G cells. The results of densitometric 
quantitation of immunoblots are presented as the ratio relative to the control (0 µM of memantine). Beclin-1 was significantly upregulated after the 
treatment with 400 µM of memantine. ∗p<0.05, Student’s t-test. AMPK : AMP-activated protein kinase. 
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Expression of NMDAR in human malignant glio-
ma cells

Because memantine acts as an antagonist for NMDAR in 

competition with glutamate, we analyzed expression of NM-

DAR1 and NMDAR2B in glioma cell lines. On a western blot, 

the NMDAR1 protein was identified in T-98 G cells, and not 

in U-251 MG cells. In contrast, NMDAR2B proteins were 

identified in both U-251 MG cells and T-98 G cells (Fig. 2A). 

On RT-PCR, NMDAR1 mRNA was detectable only in T-98 G 

cells, and NMDAR2B mRNA was present in both glioma cells 

(Fig. 2B). These results suggested that the sensitivity of T-98 G 

cells to memantine may be related to the expression of NM-

DAR1. 

Induction of the autophagic process in T-98 G 
cells by memantine

Autophagy is a type of programmed cell death character-

ized by double-membrane autophagosome (AP) involving 

several autophagy-related proteins. The conversion of light 

chain protein 3-I (LC3-I) to LC3-II is an essential process for 

AP formation13). We examined the expression of LC3-1 and 

LC3-II using western blotting after incubation of T-98 G cells 

with 0 and 400 µM of memantine. The immunoblots were 

analyzed using densitometry, which quantified the amount of 

protein staining, and calculated relative amounts compared 

with the internal control, β-actin. After the incubation with 

memantine (400 µM) for 48 h, LC3-II was expressed and the 

LC3-II- /LC3-I ratio was significantly increased in T-98 G 

cells (Fig. 3A). In addition, beclin-1, another autophagy-related 

protein, showed a significant increase of expression. Other au-

tophagy-related proteins, AMPKα, APG5L, and ULK-1, were 

not unregulated (Fig. 3B). 

Identification of autophagic using by TEM in 
T-98 G cells

The ultrastructural features of T-98 G cells after the me-

mantine treatment were evaluated using TEM. The media-

treated control cells exhibited intact cytoskeletal architectures 

and had normal cell organelles, such as mitochondria, ribo-

somes, and endoplasmic reticulum (Fig. 4A). After incubation 

with 400 µM memantine for 48 h, T-98 G cells preserved the 

cytoskeleton but developed the lamellar-structured autopha-

gic vacuoles in the cytoplasm (Fig. 4B). Based on these results, 

in T-98 G cells, memantine most probably induced autophagic 

cell death. 

A knockdown of NMDAR1 by siRNA interferes 
with autophagic cell death of T-98 G cells

To confirm the functional significance of NMDAR1, we 

tested whether NMDAR1-silencing would reverse the antip-

roliferative effect of memantine on T-98 G cells. SiRNA oli-

gos were designed complementary to the human NMDAR1 

mRNA. Forty-eight hours after the transfection of anti-

NMDAR1 siRNA into T-98 G cells, a reduction of NMDAR1 

expression was confirmed using western blot analysis (Fig. 

5A). The differences in cell viability between NMDAR1 

Fig. 4. Memantine induced autophagic ultrastructural features in T-98 G cells according to TEM. A : The control cells showed the normal cytoplasm 
including mitochondria, ribosomes, and endoplasmic reticulum. B : After incubation with 400 µM memantine for 48 h, the cells developed autophagic 
vacuoles with lamellar structure in the cytoplasm. TEM : transmission electron microscopy. 
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knockdown and control T-98 G cells were analyzed using in-

cubation with 0–600 µM of memantine with a subsequent 

CCK-8 assay. A significant increase in cell viability of NM-

DAR1 knockdown cells was detected at the memantine dos-

es of 400 and 600 µM (Fig. 5B). The expression of LC3-II and 

LC3-I was evaluated after incubation of NMDAR1 knock-

down and control T-98 G cells with 400 µM memantine. The 

LC3-II/LC3-I ratio was decreased in NMDAR1 knockdown 

cells (Fig. 5C). These results suggested that NMDAR1 was 

necessary for autophagic cell death of glioma cells. 

DISCUSSION

Glutamate is the main excitatory neurotransmitter in the 

CNS and is released from active neurons through calcium-

dependent fusion of synaptic vesicles7). Recent studies have 

shown that glioma cells release glutamate spontaneously. A 

monolayer of glioma cells maintained in a culture f lask for 

12 h achieves glutamate concentrations exceeding 500 µM30). 

Microdialysis in RG2 glioma cells implanted into the cortex of 

a rat shows that the peritumoral region undergoes 4-fold ele-

vation of the glutamate concentration compared with either 

the tumor or healthy-brain tissue3). Some studies examined 

the glutamate concentration using non-invasive techniques 
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Fig. 5. A knockdown of NMDAR1 using siRNA transfection in T-98 G cells. 
T-98 cells incubated in EMEM was used as the control value. A : After the 
transfection with anti-NMDAR1 siRNA (10 nM) for 48 hr, the expression of 
NMDAR1 was evaluated using western bloting. B : Cell viability of control 
and siRNA-transfected T-98 G cells was analyzed after incubation with 
various concentration of memantine (0–600 μM). Significant differences in 
cell viability was observed at 400, and 600 μM of memantine. C : Protein 
level of LC3-I and LC3-II was evaluated in control and NMDAR1 knockdown 
cells using western blotting after incubation with 400 μM memantine. The 
results of densitometric quantitation of immunoblots were represented as 
the LC3-II/LC3-I ratio relative to control cells. ∗p<0.05, Student’s t-test. 
NMDAR : N-methyl-D-aspartate receptor, siRNA : small interfering RNA, 
EMEM : Eagle’s minimum essential medium. 
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such as magnetic resonance spectroscopy (MRS). The concen-

tration of glutamate was shown to be elevated in the peritu-

moral area in patients with a brain tumor9,19). The glutamate 

released from glioma cells has several effects on the surround-

ing neuronal, glial, and tumoral cells. The excessive release of 

glutamate from glioma causes peritumoral excitotoxicity with 

neuronal cell death as well as tumor expansion via stimulation 

of the glutamate receptor NMDAR7). Excitotoxicity also man-

ifests itself as hyperexcitability in the peritumoral tissue and 

results in seizures16,24). In addition, glutamate stimulates tumor 

cell motility and invasion via another glutamate receptor, 

AMPAR18). Research shows that glutamate promotes glioma 

cell proliferation and survival27). Several studies reported that 

a glutamate receptor antagonist inhibits tumor growth, 

whereas a glutamate scavenger shows positive results in sur-

vival of animals with glioma21,22). NMDAR antagonists, such 

as memantine, MK-801 (dizocilpine), ifenprodil, Ro25-6981, 

and AP5, have an antiproliferative effect on cancer cells1,17,22,25,28). 

Our study also showed that memantine has an antiproliferative 

effect on human glioma cell lines. Nevertheless, the sensitivity 

to memantine is different among glioma cell lines. T-98 G cells 

are sensitive but U-251 MG cells are resistant to memantine. To 

identify a possible reason for the difference in sensitivity, we 

analyzed the expression of NMDAR in those cell lines because 

memantine is an NMDAR1 antagonist. The expressions of 

NMDAR1 and NMDAR2 was evaluated in glioma cell lines 

using both western blotting and RT-PCR. Only T-98 G cells 

express NMDAR1 and this observation correlates with the 

sensitivity to memantine.

NMDAR plays different roles in the CNS, depending on the 

subtypes6,14). Excessive activation of NMDAR2B is believed to 

be a major mechanism responsible for cell death associated 

with several neurological diseases such as brain trauma and 

some several neurodegenerative diseases20). Selective Ca2+ in-

f lux through NMDAR2B is associated with neuronal cell 

death, and NMDAR2B signaling efficiency is dependent on 

receptor localization within lipid rafts of the plasma mem-

brane4,20). Bigford et al. reported that moderate TBI induces 

recruitment of NMDAR2B and translocation of beclin-1 out 

of the membrane microdomains5). Beclin-1 regulates the au-

tophagic pathway by forming a complex with type III phos-

phatidylinositiol-3-kinase, responsible for autophagic vesicle 

nucleation12). The release of beclin-1 from the complex in re-

sponse to excessive stimulation of NMDAR2B induces activa-

tion of autophagy in TBI5). In our study, T-98 G cells expressed 

NMDAR1 but underwent autophagic cell death after incuba-

tion with NMDAR1 antagonist memantine. The conversion 

ratio of LC3-I to LC3-II and expression of beclin-1 were ele-

vated in T-98 G cells as a result of memantine action. Ultra-

structural analysis of T-98 G cells showed autophagic vacuoles 

after incubation of the cells with memantine. The role of NM-

DAR1 in autophagy was confirmed by the transfection of 

NMDAR1 siRNA into T-98 G cells. The siRNA transfection 

knocked down NMDAR1 protein expression successfully, and 

the antiproliferative effect of memantine was attenuated, 

whereas the LC3-II/LC3-I ratio was decreased in T-98 G cells. 

CONCLUSION

In conclusion, this study appears to be the first to demon-

strate that memantine inhibits proliferation and induces au-

tophagic cell death in glioma cells. We also show that these ef-

fects are mediated by NMDAR1. These finding are expected 

to advance the understanding of molecular mechanisms that 

underlies the resistance of malignant glioma to existing anti-

cancer modalities.
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