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Abstract:

Memantine, a NMDA receptor antagonist used in several experimental models of neuronal cell injury, is a neuroprotective agent that

can attenuate neuronal apoptosis connected with over-stimulation of NMDA receptors. In the present study, we evaluated the impact

of memantine on apoptosis in primary cerebellar granule cell (CGC) cultures at 7 and 12 day in vitro (DIV). Cell death was induced

by staurosporine (St, 0.5 µM) or by decreasing the level of potassium in the culture medium (LP, 5 mM KCl). Both treatments in-

duced cell death in CGC with higher cell-damaging effects at 12 DIV and 7 DIV neurons for St and LP, respectively. Memantine

(0.1–2 µM) partially attenuated St-induced apoptosis only in 7 DIV CGC as assessed by DNA fragmentation and LDH release, but

not caspase-3 activity. During LP-induced apoptosis, memantine decreased LDH release and DNA fragmentation, but not affected

caspase-3 activity in 7 and 12 DIV CGC. Interestingly, we found no beneficial effects of other NMDA antagonists, including a com-

petitive antagonist such as AP-5 (100 µM) and an uncompetitive antagonist such as MK-801, (1 µM). In conclusion, our data suggest

that the anti-apoptotic effects of memantine in CGC are developmentally regulated and its neuroprotective action occurs through an

NMDAR-independent mechanism.
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receptor, St – staurosporine

Introduction

Memantine (3,5-dimethyl-1-adamantanamine), an un-

competitive N-methyl-D-aspartate (NMDA) receptor

antagonist with a wide range of pharmacological ac-

tion and clinical utility [35, 37, 65], can attenuate neu-

ronal apoptosis both in vitro and in vivo [11, 41,

43–45, 62, 64]. Recent studies have demonstrated that

memantine, in low concentrations, diminishes neu-

ronal cell damage evoked by staurosporine and doxo-

rubicin, which are models of neuronal apoptosis not

directly connected with overactivation of NMDA re-

ceptors [24–26]. Moreover, these anti-apoptotic ef-

fects of memantine were dependent on neuronal sub-

types [26]. In the above study, the most profound
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anti-apoptotic effect of memantine on staurosporine-

mediated cell death was found in both immature and

mature primary hippocampal neurons. On the other

hand, in the neocortical and striatal neuron cultures

the beneficial effects of memantine were observed

only during the early stages of neuronal development

(7 DIV). In contrast to the above-mentioned forebrain

structures, the influence of memantine on the apopto-

sis of cerebellar granule cells is poorly understood

[64, 66, 67, 75], and most reported studies have used

experimental apoptosis models that are dependent on

NMDA receptor overactivation. Cerebellar granule

cells (CGC) are the most abundant neurons in the

cerebellum [12] and are characterized by relatively

higher resistance to various types of cell-damaging

factors [6, 68], although in some chronic neurological

diseases such as cerebellar ataxia, multiple system at-

rophy, or post hypoxic myoclonus, they are also af-

fected [8, 15, 48, 59, 69]. Additionally, cultured cere-

bellar granule cells differ from neurons derived from

forebrain regions because the depolarization of cul-

tured neurons must be maintained for their proper

growth and survival [10, 12, 18, 55]. Therefore, we

hypothesized that the mechanism of apoptosis in CGC

cultures, and the anti-apoptotic action of some puta-

tive neuroprotective agents are different in neuronal

cells derived from varying brain regions.

To address the action of memantine on CGC apop-

tosis, we studied its effect on staurosporine (St)- and

low potassium (LP)-induced lactate dehydrogenase

(LDH) release, caspase-3 activation and DNA frag-

mentation in 7 and 12 DIV CGC cultures. In order to

verify the participation of NMDA receptors in this

process, a high affinity uncompetitive (MK-801) and

competitive (AP-5) antagonist of NMDA receptors

were employed.

Materials and Methods

Chemicals

Neurobasal A medium, fetal bovine serum (FBS),

B27 supplement were from Gibco (Invitrogen, Pois-

ley, UK). Hoechst 33342 was purchased from Mo-

lecular Probes (Eugene, Oregon, USA). The Cytotox-

icity Detection Kit was from Roche Diagnostic

(Mannheim, Germany). MK-801 (dizocilpine) and

AP-5 (2-amino-5-phosphopentanoic acid) were ob-

tained from Tocris (Ellisville, USA). All other rea-

gents were from Sigma (Sigma-Aldrich Chemie

GmbH, Germany).

Primary cerebellar granule cell cultures

Neuronal tissue for primary neuronal cultures was

taken from 6-day-old Swiss mouse pups and cultured

as described previously [9, 28]. All procedures were

carried out in accordance with the National Institutes

of Health Guidelines for the Care and Use of Labora-

tory Animals, and were approved by the Bioethical

Commission as compliant with Polish Law. Animal

care followed official government guidelines and all

efforts were made to minimize the number of animals

used and their suffering. Briefly, pups were anesthe-

tized with CO2 vapor and decapitated in sterile condi-

tions in order to dissect the cerebellum. The dissected

tissue was minced separately into small pieces, then

digested with trypsin (0.1% for 15 min at room tem-

perature (RT)), triturated in the presence of 10% fetal

bovine serum and DNAse I (170 Kunitz units per ml),

and finally centrifuged for 5 min at 1,000 rpm. The

cells were suspended in Neurobasal medium supple-

mented with B27 and 25 mM potassium chloride

(KCl) and plated at a density of 1.5 × 105 cells per

cm2 onto poly-ornithine (0.01 mg per ml)-coated

multi-well plates. The cultures were then maintained

at 37°C in a humidified atmosphere containing 5%

CO2 for 7 or 12 days prior to experimentation.

Treatment

Apoptotic cell death in cerebellar neurons was in-

duced by staurosporine (0.5 µM) or attenuation of

KCl levels from 25 mM to 5 mM in the culture me-

dium. The concentration of staurosporine (0.5 µM)

was chosen on the basis on our previous report [26]

and the attenuation of KCl level from 25 to 5 mM is

a well-established model of apoptosis in cerebellar

granule cells [12]. All measurements were conducted

after 6, 14, 24 and 48 h-treatments with pro-apoptotic

agents. Memantine at concentration of 0.1, 0.5 and 2 µM

and caspase-3 inhibitor AcDEVD-CHO (40 µM) were

added to wells just before pro-apoptotic stimuli. In or-

der to investigate NMDA receptor involvement in St-

and LP-induced apoptosis, MK-801 (1 µM) and AP-5

(100 µM) were co-administered with apoptotic agents

at chosen time points. The studied concentrations of
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MK-801 (1 µM) and AP-5 (100 µM) were reported to

be effective in blocking NMDA receptor activation [7,

55, 67]. Staurosporine and AcDEVD-CHO stock so-

lutions were prepared in dimethyl sulfoxide (DMSO)

whereas memantine, AP-5 and MK-801 were pre-

pared in distilled water. All chemicals were added to

the culture medium at the indicated concentrations

and solvent was present in cultures at a final concen-

tration of 0.1%.

Measurement of lactate dehydrogenase (LDH)
activity

In order to estimate cell death, the level of lactate de-

hydrogenase (LDH) released from damaged cells into

culture media was measured at 6, 14, 24 and 48 h after

treatment of cells with the apoptotic and the neuropro-

tective agent. A colorimetric assay was used, in which

the amount of formazan salt formed after the conver-

sion of lactate to pyruvate, which is then reduced by

tetrazolium salt, is proportional to LDH activity in the

sample. Cell-free culture supernatants were collected

from each well and incubated with the appropriate

reagent mixture according to the supplier’s instruc-

tions (Cytotoxicity Detection Kit, Roche) at RT for

60 min. The intensity of red color formed in the assay

and measured (Multiscan, Labsystems) at a wave-

length of 490 nm was proportional to LDH activity

and to the number of damaged cells. Data were nor-

malized to the activity of LDH released from

vehicle-treated cells (100%) and expressed as a per-

cent of the control ± SEM established from 3 separate

experiments.

Assessment of caspase-3 activity

Caspase-3 activity in samples treated for 6, 14 and 24

h with staurosporine and memantine was measured as

previously described [29]. Briefly, after replacing the

media with Caspase Assay Buffer (50 mM HEPES,

pH 7.4, 100 mM NaCl, 0.1% CHAPS, 1 mM EDTA,

10% glycerol, and 10 mM dithiothreitol), cell lysates

(25 µg per sample) were incubated at 35°C with a col-

orimetric substrate preferentially cleaved by caspase-3

– Ac-DEVD-pNA (N-acetyl-asp-glu-val-asp p-nitro-

anilide). The amount of p-nitroanilide was monitored

continuously over 60 min. with a plate reader (Multis-

can, Labsystems). Absorption was measured at 405 nm.

The data were normalized to the absorbance in

vehicle-treated cells and expressed as the percent of

absorbance ± SEM established from n � 6 wells per

experiment from 3 separate experiments. Absorbance

of blanks, determined as no-enzyme control, were

subtracted from each value.

Identification of apoptotic cells

In order to reveal the characteristic morphology asso-

ciated with apoptosis, such as nuclear condensation

and cell shrinkage, we stained cells with Hoechst

33342 (blue fluorescence) and Calcein AM (green

fluorescence) dyes as described previously [25, 53].

Briefly, cerebellar neurons were seeded onto poly-

ornithine (0.01 mg per ml)-coated cover slips in 24-

well plates. 24 h after treatment with memantine

(0.1–2 µM) and different apoptotic agents, the cul-

tures were washed with PBS and exposed to Calcein

AM (0.02 µM in PBS) for 20 min at 37°C. After the

cells were washed with PBS, the cultures were ex-

posed to Hoechst 33342 (0.8 µg/ml) for 5–15 min.

The morphological evaluation of cells was performed

immediately after staining using a Nikon fluorescent

microscope. Cells showing green fluorescence after

Calcein AM staining and those that had bright con-

densed, fragmented nuclei after Hoechst’s staining

were considered to be apoptotic. The number of cells

with apoptotic morphology was counted in four ran-

domly chosen fields per one coverslip (150–200

cells); two coverslips per one condition from 2–3

separate experiments were evaluated. The data were

calculated as a percentage of apoptotic nuclei com-

pared to the total number of cells per one field and

presented in histograms as the mean ± SEM.

Data analysis

Data after normalization as a percentage of control

± SEM were analyzed using Statistica software. One-

way analysis of variance (ANOVA) was used to deter-

mine overall significance. Differences between con-

trol and experimental groups were assessed with post

hoc Tukey test, with the significant differences

marked in the following way: * p < 0.05, ** p < 0.01

and *** p < 0.001 (vs. control cultures), # p < 0.05,
## p < 0.01 and ### p < 0.001 (vs. St- or LP-treated

cultures), and & p < 0.01 and &&& p < 0.001 (12 DIV

cultures vs. the 7 DIV).
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Fig. 1. Time course of St (0.5 µM) and LP (5 mM KCl) effects on LDH release (panel A, C) and caspase-3 activity (panel B, D) in primary cultures
of mouse CGC on 7 and 12 DIV. Cells were treated with St or LP for 6, 14, 24 and 48 h. Each bar represents an average value taken from n � 6
platings ± SEM. from 3 separate experiments. * p < 0.05 and *** p < 0.001 vs. vehicle-treated cells, �p < 0.05, ��p < 0.01 and ���p < 0.001 the
12 DIV cultures vs. the 7 DIV ones
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Fig. 2. The effect of memantine (0.1, 0.5 and 2 µM) on staurosporine (0.5 µM)-induced LDH-release (panel A, C) and caspase-3 activity (panel
B, D) in CGC on 7 and 12 DIV. Cells were treated with St and memantine for 6, 14 and 24 h. Each bar represents an average value taken from n � 6
platings ± SEM. from 3 separate experiments. * p < 0.05 and *** p < 0.001 vs. vehicle-treated cells; � p < 0.05 vs. St-treated cells



Results

Vulnerability of cerebellar neurons to St- or

LP-evoked cell death

St (0.5 µM) and LP in a time-dependent manner

evoked an increase in LDH release with a maximal ef-

fect after 24 and 48 h of treatment, respectively (Fig.

1, panel A, C). In 12 DIV CGC, there was a signifi-

cantly higher level (by about 90% of control value) of

released LDH after St treatment as compared to 7

DIV cells. In the LP studies, we observed the opposite

effect with 7 DIV cells showing more vulnerability

than 12 DIV cells (by about 80% and 30% after 24

and 48 h, respectively). In 12 DIV CGC, there was

a delay in the occurrence of cell death, because cell

damage induced by LP was observed after 48 h of in-

cubation (Fig. 1, panel C). There was also a time-

dependent increase in caspase-3 activity after St- and

LP-challenge in 7 DIV neurons with maximal activa-

tion after 14 h of treatment, but this effect was quanti-

tatively modest (about 30–50% of control value) (Fig.

1, panel B, C). In 12 DIV CGC cultures, caspase-3 ac-

tivation after drug exposure was not observed.

Effect of memantine on St-induced LDH release

and caspase-3 activity in 7 and 12 DIV CGC

Memantine (0.1–2 µM) alone had no effect on basal

LDH release and caspase-3 activity in 7 and 12 DIV

cerebellar neurons (not shown). However, this drug

partially attenuated St-induced LDH release by about

23% in 7 DIV neurons whereas it had no effect in 12

DIV neurons even at the lowest concentration (0.1 µM)

(Fig. 2, panel A, C). Memantine did not affect the St-

stimulated caspase-3 activity (Fig. 2, panel B, D).

Effect of memantine on LP-induced LDH

release and caspase-3 activity in 7 and 12 DIV

CGC

Memantine moderately inhibited (30–40% of control

value) LP-evoked LDH release in both, 7 and 12 DIV

CGC (Fig. 3, panel A, B). Furthermore, ACDEVD-

CHO (40 µM), an inhibitor of caspase-3, but not me-

mantine, attenuated the LP-induced caspase-3 activity

(Tab. 1).

Effect of memantine on St- or LP-induced DNA

fragmentation and cell viability in 7 DIV

neurons

As shown by Hoechst 33342 staining, a significant in-

crease (by about 40%) in the number of CGC cells

with apoptotic nuclei upon St- and LP-exposure after

24 and 48 h, respectively, was observed (Fig. 4). Me-

mantine (0.1–2 µM) partially attenuated both St- and

LP-induced DNA fragmentation with the effect being
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Fig. 3. The effect of memantine (0.1, 0.5 and 2 µM) on LP-induced
LDH-release in primary cultures of mouse cerebellar granule cells on
7 and 12 day in vitro. Cells were treated with LP and memantine for
24 h (7 DIV) and 48 h (12 DIV). Each bar represents an average value
taken from n 6 platings ± SEM from 3 separate experiments. *** p < 0.001
vs. vehicle-treated cells; � p < 0.05, �� p < 0.01 and ��� p < 0.001 vs.
LP-treated cells

Tab. 1. Effect of memantine (0.1–2 µM) and caspase-3 inhibitor
AcDEVD-CHO (40 µM) on LP-induced caspase-3 activity in 7 DIV
CGC

Caspase-3 activity [% control]

control 99.85 ± 8.92

AcDEVD-CHO 80.57 ± 7.63

LP 150.79 ± 17.17 *

LP + mem 0.1 161.45 ± 16.46

LP + mem 0.5 157.99 ± 17.98

LP + mem 2 161.49 ± 22.30

LP + AcDEVD-CHO 115.94 ± 12.73 �

Cells were treated with chemicals for 24 h and the level of caspase-3
activation was measured. Data were normalized and expressed as
a percent of control group ± SEM. * p < 0.05 vs. vehicle-treated cells;
� p < 0.05 vs. LP-treated cells
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Fig. 5. Microphotographs from Calcein AM staining of 7 DIV cerebel-
lar granule neurons after treatment with St (0.5 µM) or LP and meman-
tine (0.5 µM); scale bar = 25 µm

Tab. 2. Effect of memantine (0.5 µM), MK-801 (1 µM) and AP-5 (100
µM) on St- and LP-induced LDH release in 7 DIV CGC

LDH release [% control]

control 100.00 ± 4.32

mem 0.5 µM 98.43 ± 7.62

MK-801 83.91 ± 6.46

AP-5 94.92 ± 5.26

St 156.77 ± 7.45 ***

St+mem 0.5 133.81 ± 3.89 #

St+MK-801 144.27 ± 2.69

St+AP-5 142.56 ± 3.34

LP 179.80 ± 3.95 ***

LP+mem 0.5 147.42 ± 6.27 ��

LP+MK-801 171.10 ± 8.55

LP+AP-5 169.06 ± 5.93

Cells were treated with chemicals for 24 h and the level of released
LDH was measured. The data were normalized as a percentage of
control value and are expressed as the mean ± SEM of 3 separate
experiments (n � 18). One-way ANOVA and Tukey multiple compari-
son test were used for statistical analysis with *** p < 0. 001 vs.
vehicle-treated cells; � p < 0.05 and �� p < 0.01 vs. St- or LP-treated
cells



more profound in the latter case (by about 30%;Fig. 4,

panel B) when compared to the St results (by about

15%; Fig. 4, panel A). Microphotographs from Cal-

ceinAM staining (Fig. 5) showed a reduction in cell

viability after 24 or 48 h treatment with St and LP, re-

spectively. In both models of apoptosis, that effect

was partially reversed by memantine treatment as

shown after treatment with 0.5 µM of memantine.

Effect of MK-801 and AP-5 on staurosporine- or

LP-induced LDH release

All tested NMDA receptor antagonists, memantine

(0.5 µM), MK-801 (1 µM) and AP-5 (100 µM) when

added alone to 7 DIV CGC cells did not evoke any

cell-damaging effects (Tab. 2). However, under St or

LP conditions only memantine, but not MK-801 or

AP-5 attenuated LDH release induced by these two

pro-apoptotic factors (Tab. 2).

Discussion

The present study showed that exposure of CGC to

both, St or LP induced apoptosis, but the extent of

cellular damage was dependent on the stage of cell

development. Thus, 12 DIV CGC were more

susceptible to St-evoked injury than 7 DIV cells. The

changes in LDH release and caspase-3 activity in

CGC after St treatment closely resembled those of

striatal neuronal cell cultures observed in our previous

study [26]. However, these results were opposite to

the effects found in hippocampal and neocortical

neuronal cell cultures [26, 39]. This was evident by

enhanced LDH release in 12 DIV cerebellar neurons

and low levels of caspase-3 activation in 7 DIV cells.

It is possible that the different responses of 7 and 12

DIV CGC cells to St-evoked toxicity may involve

calpains, which may be activated by staurosporine in

both cerebellar and striatal neurons [19, 47].

Activated calpain I could evoke neuronal cell damage

by inhibiting the processing of procaspase-3 and -9

[19, 31, 63] and thus reduce the role of these caspases

during St-evoked apoptosis. On the other hand,

calpains could enhance caspase-3-independent

mechanisms of the cell death after St exposure [58].

Interestingly, we found that in contrast to the

staurosporine model, the extent of apoptotic changes

after exposure of CGC cultures to low potassium

medium is higher in 7 DIV cells than in 12 DIV cells.

The divergent intracellular responses of CGC neurons

during tonic depolarization (25 mM KCl) in cultured

neurons may play an important role in this effect [54,

73]. Indeed, differential responses of CGC to LP is in

agreement with our recent data [24] in which we

found that 7 DIV CGC are more prone to doxorubi-

cin-induced apoptosis than 12 DIV cells. The opposite

developmental vulnerability of CGC to St- or

LP-mediated apoptosis could be explained by the fact

that different apoptotic stimuli can evoke divergent

death signals and engage distinct intracellular

pathways (e.g., caspases, calpains, GSK3�, JNK,

MAPK/ERK1/2, NF�B, p53) [3, 10, 16, 20, 22, 60,

70, 71, 74]. Indeed, previous reports have shown that

LP-induced apoptosis in CGC causes the activation of

MAPK/ERK1/2 [57, 71], whereas staurosporine, a

non-specific protein kinase inhibitor may diminish

ERK1/2 phosphorylation, which is an effect observed

in other neuronal subtypes [21, 33]. In contrast to

neuronal cell cultures derived from other brain

regions [26], the damaging effect of staurosporine

was associated only with mild activation of caspase-3

in CGC. Thus, it is possible that at least a part of the

apoptotic changes observed in our study after St

administration were dependent on the nuclease AIF

(apoptosis inducing factor), which is known to

mediate caspase-independent cell death [13, 17].

Similarly, only marginal involvement of caspase-3 in

LP-evoked cell death in CGC at 7 DIV was found in

the present study, whereas other studies demonstrated

a substantial increase in caspase-3 activity in this type

of neuronal cell culture [10, 16]. The above de-

screpancies could be explained by differences in

models of potassium deprivation, where others used

simultaneous deprivation of potassium and serum,

and we used only potassium deprivation condition.

Furthermore, there are also data suggesting an

involvement of caspase-3-independent apoptotic

pathways (AIF, calpains) during LP-evoked neuronal

cell damage [56, 72].

The main finding in this study was that memantine,

at clinically relevant concentrations, significantly at-

tenuates both St- and LP-induced LDH release and

DNA fragmentation, but had no effect on caspase-3

activation in CGC cultures. Moreover, in the St

model, the anti-apoptotic effect of memantine was

evident in 7 DIV cells and this effect was similar to

previous reports for neocortical and striatal neurons
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[26]. Interestingly, in LP conditions, the anti-apoptotic

effects of memantine occurred during both stages of

cerebellar granule neuron development. It should be

mentioned that in the St model, the effect of meman-

tine in CGC was quantitatively weaker (about 23%)

than reported for hippocampal, neocortical and striatal

neuronal cells (about 30–50%) [26]. On the other

hand, with CGC, memantine showed a stronger effect

on LP-induced apoptosis when compared to the St

model in the same type of cells (changes about

30–40%). What is the potential mechanism of the

anti-apoptotic action of memantine in our experimen-

tal system? The robust expression of NMDA recep-

tors in primary cerebellar neurons [42, 61] suggests

that memantine inhibits apoptosis via antagonistic ac-

tion on these types of glutamatergic receptors. How-

ever, in the present study we indirectly excluded this

possibility by showing the ineffectiveness of other an-

tagonists of NMDAR, such as MK-801 and AP-5 on

St- or LP-evoked cell damage in 7 DIV CGC. Inter-

estingly, previous reports showed that the NMDAR

antagonist, MK-801 could induce apoptosis in very

young cultured neurons (2 DIV) [1, 2, 30], but is neu-

roprotective in older cells (14 DIV) [34]. These obser-

vations further illustrate the pro- or anti-apoptotic ac-

tion of NMDA receptors depending on the stage of

neuronal development. It should also be mentioned,

that some studies showed no engagement of NMDA

receptors in St or LP models of apoptosis [18, 23, 36]

and have even demonstrated the neuroprotective ac-

tion of NMDA itself in LP-evoked cell death of 7 DIV

CGC [5, 22]. Moreover, the aggravation of cell dam-

age after concomitant administration of NMDA re-

ceptor antagonist and pro-apoptotic agent was also

demonstrated [46, 49]. Although memantine is widely

recognized as an NMDA receptor antagonist with low

affinity [50], it can also act on the other types of re-

ceptors (nicotinic acetylcholine receptor, serotonin 5-

HT3 receptor and sigma 1 receptor) [4, 51, 52]. There

are also increasing data showing a modulatory effect

of memantine on factors involved in cell survival

(BDNF, anti- and pro-apoptotic proteins (Bcl-2, Bax),

and protein kinases (GSK-3�, Akt) or calpain system)

[14, 32, 38, 40]. However, all of above-mentioned

possible mechanisms of the antiapoptotic action of

memantine in staurosporine- and low-potassium-

evoked cell death need further experimental valida-

tion.

In summary, this study provided evidence that the

extent of St- and LP-induced cell death of CGC is dif-

ferentially regulated depending on the stage of neu-

ronal development. Our data showed only marginal

caspase-3 activation during both, St- and LP-evoked

apoptosis in cerebellar neurons. Moreover, the devel-

opmental stage of CGC influenced the anti-apoptotic

action of memantine in different experimental models

of CGC apoptosis. Whereas anti-apoptotic activity

was only seen in 7 DIV cells exposed to St, meman-

tine had protective effects on both 7 and 12 DIV CGC

challenged with LP. We also found that the anti-

apoptotic effect of memantine in both investigated

models of cell damage do not engage NMDA recep-

tors. Since memantine is a clinically used agent, fur-

ther studies are required to determine more specifi-

cally how memantine can affect particular intracellu-

lar signaling cascades involved in the induction of

neuronal apoptosis.
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