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INTRODUCTION

Cerebral ischemia is one of the leading causes of 
death or permanent disability in developed countries 
(Doyle et al. 2008). It is known that the mechanisms 
leading to irreversible ischemic brain damage include, 
inter alia, energy deficit, over-stimulation of excitatory 
amino acid receptors (especially of the NMDA recep-
tor), a disorder of calcium homeostasis in neurons, 
damage of mitochondria and oxidative stress 
(Szydlowska and Tymianski 2010). They lead to 
necrotic or apoptotic cell death, or to autophagy 

(Balduini et al. 2012). The promising results of studies 
on the pharmacological neuroprotection in cerebral 
ischemia, including the use of NMDA receptor antago-
nists, for various reasons have not resulted in advances 
in the treatment of stroke (Cheng et al. 2004, Gladstone 
et al. 2002). There is therefore a need for new effective 
therapeutic approaches in brain ischemia. 

One of the novel potential treatments of stroke is 
preconditioning of the brain, consisting of sublethal 
exposure to various stressors, which leads to the 
induction of brain tolerance to ischemia (Kirino 2002). 
Studies concerning brain preconditioning are at the 
stage of pre-clinical tests. In recent years considerable 
progress was made in understanding the mechanisms 
of acquisition of tolerance to ischemia by the brain and 
other organs, and in the knowledge of the characteris-
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tics of this phenomenon (Dirnagl et al. 2009, Kitagawa 
2012). The discovery of the effectiveness of ischemic 
brain postconditioning (i.e. the acquisition of tolerance 
after suffering an episode of brain ischemia) (Zhao 
2009) and the finding that the tolerance of the brain 
can be obtained by pharmacological methods (Dirnagl 
et al. 2009), increased the likelihood of the practical 
use of induced brain tolerance to ischemia. 

It has been repeatedly demonstrated that moderate 
stimulation of the NMDA receptors in neurons induces 
their tolerance (Kato et al. 1992, Tauskela et al. 2001, 
Jiang et al. 2003). Paradoxically, Tremblay and col-
leagues (2000) demonstrated that transient exposure of 
the cultured cortical neurons to NMDA receptor 
antagonists induces long-term tolerance to various 
death signals. We have shown previously that tolerance 
to the toxic effects of glutamate by a brief treatment 
with NMDA receptor antagonists can be induced also 
in primary cultures of rat  cerebellar granule cells 
(CGC) (Kuszczyk et al. 2010). Still, it is unknown if 
preconditioning with NMDA receptor antagonists 
induces tolerance to brain ischemia. In the original 
study of Tremblay et al. (2000) it was shown that expo-
sure of cortical neurons to MK-801 induces their toler-
ance to oxygen and glucose deprivation (OGD), which 
is a commonly used in vitro model of ischemia-like 
conditions. These authors also demonstrated that such 
a treatment does not interfere with NMDA-induced 
calcium transients in neurons tested 48 h later. However, 
it is not known whether these phenomena may be 
reproduced using other types of neuronal cultures such 
as CGC, with the NMDA receptor antagonists other 
than MK-801, and how the results would depend on 
time lapse after preconditioning.

Thus, in the present study we revisited the subject of 
inducing tolerance to OGD in CGC neurons by precon-
ditioning with NMDA receptor antagonists. For pre-
conditioning we used two uncompetitive NMDA recep-
tor antagonists of high and low affinity to the channel, 
MK-801 and memantine, respectively. Then, 24 and 48 
hours later we tested the tolerance of CGC to OGD and 
effects of preconditioning on glutamate-evoked chang-
es in the intracellular Ca2+ level and 45Ca uptake. 

METHODS

Glutamate, fetal bovine serum and other compo-
nents of cell culturing media were obtained from 
Sigma-Aldrich sp. z o.o., (Poznań, Poland). (+)-5 

Methyl-10,11-dihydro-5H-dibenzo[a,d]cycloheptan- 
5,10-imine hydrogen maleate (MK-801, disocilpine) 
and memantine were purchased from RBA (Natic, 
MA, USA). The Live/Dead® Viability/Cytotoxicity 
Kit for mammalian cells was purchased from Molecular 
Probes Inc., Paisley, UK.  45Ca was obtained from the 
Radioisotope Research Development Centre (Świerk, 
Poland). Fluo-3/AM was produced by Molecular Probes 
Inc. (Eugene, OR, USA). All other chemicals were of 
analytical grade.

For preparing neuronal primary cultures, 7 day-old 
pups of the Wistar rats were used. The procedure, per-
formed in accordance with domestic and international 
regulations concerning experiments on animals, was 
approved by the Forth Local Ethical Committee in 
Warsaw. All efforts were made to reduce the number of 
animals used and to minimize their suffering. Primary 
cultures of CGC were prepared and cultured in basal 
Eagle medium (BME) supplemented with 10% fetal 
calf serum, 25 mM KCl, 4 mM glutamine, streptomy-
cin (50 μg/ml) and penicillin (50 U/ml), as has been 
described in details previously (Kuszczyk et al. 2010, 
Ziemińska et al. 2012). For preconditioning with the 
NMDA receptor antagonists, doses of 0.5 µM MK-801 
or 5 µM memantine were administered 24 or 48 h prior 
to OGD for 30 minutes at 37°C in Locke 25 incubation 
buffer containing 134 mM NaCl, 25 mM KCl, 4 mM 
NaHCO3, 5 mM HEPES, pH 7.4, 2.3 mM CaCl2 and 5 
mM glucose (Kuszczyk et al. 2010). Control cultures 
were treated with Locke 25 buffer without the NMDA 
receptor antagonists. After preconditioning the cells 
were washed twice with Locke 25 buffer and cultured 
in the original growth medium. In the separate set of 
experiments this standard washout procedure after pre-
conditioning was compared with the washout expanded 
to 5 washes with the Mg2+-free Locke 25 buffer  supple-
mented with 1 mM MgCl2 and 15 µM NMDA as 
described by McKay and coauthors (2013), which was 
followed by one final wash with the Mg2+-free Locke 25 
buffer without these additives.

The OGD treatment of CGC cultured in vitro for 7 
days was performed as described previously (Ziemińska 
et al. 2012) with only minor modifications. The cul-
tures were incubated for 90 minutes at 37°C in the 
OGD buffer (116 mM NaCl, 25 mM KCl, 26.2 mM 
NaHCO3, 1.8 mM CaCl2, 1 mM NaH2PO4 (pH 7.4) 
without glucose and in an atmosphere containing 5% 
CO2 and 95% N2 using the C-chamber connected with 
Proox Model 110 and ProCO2 Model 120 gas control-
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lers (BioSpherix, Lacona, NY, USA). In addition, as 
positive control, a group of previously untreated cul-
tures was challenged with OGD in the presence of 0.5 
µM MK-801 or 5 µM memantine. After OGD, the cells 
were cultured for 24 h under standard conditions in the 
original growth medium. In selected experiments per-
formed in order to evaluate indirectly completeness of 
the washout of MK-801 after preconditioning, 10 min 
or 24 h after the standard or expanded washout of that 
antagonist the cells were challenged for 30 min with 
250 µM glutamate in the Locke 25 buffer which was 
followed by 24 h culturing under standard conditions. 
The viability of neurons was assessed by an observer 
blind to the experimental groups using calcein/ethidi-
um homodimer-1 staining and the multidetection 
microplate reader FLUOstar Omega (GBM Labtech 
GmbH, Offenburg, Germany) for measuring the fluo-
rescence (Kuszczyk et al. 2010). The proportion of live 
cells was expressed as a percentage of the total cell 
number. 

For evaluating glutamate-induced changes in Ca2+ 
homeostasis, CGC were submitted to a replacement of 
the growth medium by the Locke 5 buffer. To measure 
changes in the intracellular Ca2+ concentration, the 
CGC were incubated for 30 minutes in a Locke 5 buf-
fer containing the calcium-sensitive fluorescent probe 
16 µM fluo-3/AM. Then, after washing with Locke 5 
buffer,  changes of fluorescence, basal and evoked by 
500 µM glutamate, were recorded every 5 minutes, 
over a period of 30 minutes, using a multidetection 
microplate reader FLUOstar Omega at 485 nm excita-
tion and 538 nm emission wavelengths. The results are 
presented as percent changes in the intensity of fluo-
rescence compared to the basal level. In 45Ca uptake 
experiments performed as described before 
(Antkiewicz-Michaluk et al. 2006) the cells were pre-
incubated for 10 minutes at 37°C, then 45CaCl2 (1 μCi/
well) together with  500 µM glutamate was added and 
the cells were incubated for 10 min. After medium 
removal and 3 washes with ice-cold glucose and 
CaCl2-free medium with 2 mM EGTA, the cells were 
solubilised in ice-cold 0.5 M NaOH, and the radioac-
tivity was measured by liquid scintillation spectros-
copy using Wallac 1409 counter (Wallac, Turku, 
Finland). 

The results are presented in figures as mean ± SEM 
(n=6). One-way ANOVA followed by Dunnett’s test or 
Wilcoxon matched pairs test were used for compari-
sons between groups. Significance was taken at 
P<0.05.

RESULTS

As presented in Figure 1, OGD lasting 90 minutes 
induced a 42% decrease in the number of surviving 
neurons, which is highly significant (P=0.03). When 
0.5 µM MK-801 or 5 µM memantine were present in 
the incubation medium during OGD, this cytotoxic 
effect of OGD was significantly reduced to 13% and 
23%, with P<0.0001 and 0.002, respectively. A very 
similar level of cytoprotection was achieved after pre-
conditioning of CGC with 0.5 µM MK-801 or 5 µM 
memantine 24 h before OGD. Here, pretreatment with 
MK-801 and memantine reduced neuronal loss to  8% 
and 30%, respectively (P=0.007 and 0.0043). Extending 
the time interval between preconditioning and OGD to 
48 h lessened neuroprotection. However, under these 
conditions OGD-evoked cytotoxicity in the cultures 
preconditioned with MK-801 and memantine of 27% 

Fig. 1. Neuroprotection of rat cerebellar granule cells against 
oxygen-glucose depravation (OGD) provided by 0.5 µM 
MK-801 or 5 µM memantine (MEM) applied during the 
insult or by preconditioning (pre) with these antagonists 
performed 24 or 48 h before OGD. After preconditioning the 
cells were washed twice with Locke 25 buffer and cultured 
in the original growth medium. Survival of the neurons was 
examined 24 h after OGD using calcein/ethidium homodim-
er-1 staining. Results are the means ± SEM (n=6); results 
significantly different from the control – &P<0.001;  results 
significantly different from the OGD group – ***P<0.001; 
**P<0.01; *P<0.05. 
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and 33%, respectively (Fig. 1), was still significantly 
lower than in control (P=0.043 and 0.036). 

In the additional control experiments we extended 
the MK-801 wash out procedure to five washes with 
the ionic medium containing 1 mM Mg2+ and 15 µM 
NMDA, using the technique adapted from McKay and 
colleagues (2013). Exposure of cultures for 30 min to 
250 µM glutamate followed 24 h later by assessment of 
viability was used to evaluate resistance of cells to 
excitotoxicity. The excitotoxicity test performed imme-
diately after the MK-801 wash out demonstrated that 
cell viability [presented here as mean ± SEM (n=7–8)] 
significantly decreased from 90.4±0.73% in cultures 
submitted to wash out without other treatments to 
57.5±1.85% (P<0.001) in cultures challenged with glu-
tamate which were not preconditioned. In cultures 
preconditioned with MK-801 and then submitted to the 
standard wash out procedure viability also signifi-
cantly decreased to 64.9±1.90% (P<0.001). This 
decrease was significantly reduced comparing to cul-
tures which were not preconditioned (P=0.02), demon-
strating a slight cytoprotection in cells submitted to the 
standard wash out procedure. In cultures extensively 
washed after MK-801 with Mg2+ and NMDA neuronal 
viability was reduced to 56.9±1.72%, and this result 
did not differ statistically from cultures that were not 
preconditioned (P=0.72). The cultures were also sub-
mitted to excitotoxicity test 24 h after preconditioning 
with MK-801 which was followed by the standard or 
extended wash out procedures. The results demon-
strated that viability of cells in cultures which were not 
preconditioned with MK-801 decreased after treatment 
with glutamate to 54.4±2.11%, whereas in cultures 
preconditioned with MK-801 and then submitted to the 
standard wash out procedure we detected cell viability 
of 75.4±2.56% which was significantly higher than in 
cultures not preconditioned and in cells preconditioned 
immediately before the excitotoxic stimulus (P<0.01). 
However in cultures which were extensively washed 
out after MK-801 with Mg 2+ and NMDA viability of 
cells was reduced to the level of 51.2±1.71% that did 
not differ significantly from the corresponding control 
cultures which were not preconditioned (P=0.25).

In order to relate tolerance induced by precondition-
ing CGC with the NMDA receptor antagonists to pos-
sible changes in generation of calcium signaling in the 
preconditioned neurons, we evaluated effects of pre-
conditioning on glutamate-induced increase in the 
intracellular Ca2+ level in neurons. As presented in 

Fig. 2. Glutamate-induced increase in the intracellular Ca2+ 
concentration in primary cultures of rat cerebellar granule 
cells: modulation by preconditioning with 0.5 µM MK-801 
or 5 µM memantine performed 24 h (A) and 48 h (B) before 
the test. After preconditioning the cells were washed twice 
with Locke 25 buffer and cultured in the original growth 
medium. After 25-second long measurements of the basal 
fluorescence of the fluo-3 loaded neurons, 500 µM gluta-
mate was administered. Changes in the intracellular Ca2+ 
concentration were evaluated by measurement of fluo-3 
fluorescence and expressed in percent of the basal level. 
Squares –  control cells without glutamate; triangles – con-
trol cells with glutamate; circles – cells preconditioned with 
MK-801; diamonds – cells preconditioned with memantine. 
Results are means ± SEM (n=6). All the results representing 
effects of preconditioning with MK-801 and memantine 
taken during steady state phase are significantly different 
from the control cells treated with glutamate at the corre-
sponding experimental time points  (Wilcoxon matched 
pairs test,  P<0.05). 
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Figure 2, application of 500 µM glutamate resulted in 
a huge rise in fluo-3 fluorescence reflecting the 
increase in Ca2+ concentration in CGC. This effect was 
significantly reduced (P<0.0001 for both tested sub-
stances) by 16% and 14% in cultures preconditioned 24 
h before the test with 0.5 µM MK-801 or 5 µM meman-
tine, respectively (Fig. 2A). As presented in Figure 2B, 
the increase in the intracellular Ca2+ level induced by 
glutamate in CGC preconditioned 48 h before test was 
halved in comparison to control (P<0.0001).

Reduced glutamate-induced calcium transients in 
CGC which were observed 24 h and 48 h after precon-
ditioning with MK-801 and memantine (Fig. 2A,B), 
might have resulted from the decreased influx of 
extracellular Ca2+ to neurons stimulated with gluta-
mate. In order to check this hypothetical explanation, 
we evaluated the effects of preconditioning on gluta-
mate-induced uptake of 45Ca in CGC. As shown in 
Figure 3, application of 500 µM glutamate resulted in 

a huge 40% rise in the accumulation of the radioactive 
calcium in CGC (P<0.0001). Pretreatment of CGC 
with 0.5 µM MK-801 reduced the glutamate-induced 
45Ca uptake in CGC by 17% 24 h after preconditioning 
(P=0.0087) and by 16% 48 h after that treatment 
(P=0.0043). Uptake of 45Ca in neurons measured 48 h 
after preconditioning with memantine was inhibited to 
a similar extent as after preconditioning with MK-801 
(P=0.026). However, 24 h after preconditioning that 
difference lost its statistical significance (P=0.053).

DISCUSSION

The results of this study demonstrated that a 
30-minute exposure of CGC in the primary cultures to 
NMDA receptor antagonists 0.5 µM MK-801 or 5 µM 
memantine performed 24 h or 48 h before OGD results 
in cytoprotection, which is accompanied by the reduc-
tion of glutamate-evoked rise in the intracellular Ca2+ 
level and by a slight inhibition of glutamate-evoked 
45Ca uptake. We claim that these findings may be 
attributed to preconditioning with NMDA receptor 
antagonists which induces tolerance of CGC to OGD, 
and that the decrease in calcium signaling in gluta-
matergic receptors may participate in its mechanism. 
A model of cerebellar granule cells in the primary 
culture that was used in this study had previously been 
successfully used by us and by other authors for testing 
the OGD-induced damage to neurons (Kalda et al. 
1998, Scorziello et al. 2001, Ziemińska et al. 2012). 
The experimental model of OGD that is regarded as 
the in vitro equivalent of stroke has been widely used 
in studies of responses to hypoxia and ischemia, not 
only in nerve cells (see above) but also in astrocytes 
and microglia (Fan et al. 2013, Ziomka-Nałęcz et al. 
2013). The concentrations of MK-801 and memantine 
used for inducing tolerance were chosen based on our 
previous experience (Kuszczyk et al. 2010).

We interpret the aforementioned effects of brief 
exposure of neurons to NMDA receptor antagonists as 
manifestations of the phenomenon of preconditioning 
inducing tolerance of neurons to OGD. The alternative 
explanation is that these effects might result from the 
retention of the antagonists in cultures, their physical 
presence and direct action during the tests i.e. 24 or 
even 48 h after their application. This might concern 
MK-801 but not memantine which is a low-affinity 
antagonist of the NMDA receptor (Möbius et al. 
2004). Due to repeated washing of the cells after the 

Fig. 3. Glutamate-induced increase in 45Ca uptake in primary 
cultures of rat cerebellar granule cells: modulation by pre-
conditioning with 0.5 µM MK-801 or 5 µM memantine 
(MEM) performed 24 or 48 h before the test. Neuronal cul-
tures, untreated or preconditioned (pre) 24 or 48 h earlier 
with 0.5 µM MK-801 or 5 µM memantine (MEM), then 
washed twice with Locke 25 buffer and cultured in the 
original growth medium, were incubated for 10 minutes 
with 500 µM glutamate and 45CaCl2 (1 µCi/well). In groups 
marked MK-801 or MEM the antagonists were present dur-
ing the incubation. Then radioactivity accumulated was 
measured and presented in DPM/well. Results are the means 
± SEM (n=6); results significantly different from the GLU 
group – **P<0.01; *P<0.05.
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exposure upon preconditioning and further exchange 
of the media before OGD, retention of memantine in 
pharmacological concentrations is highly unlikely. In 
turn MK-801-evoked inhibition of NMDA receptors 
has a reputation of being irreversible in terms of elec-
trophysiological experiments taking the scale of min-
utes to a few hours (Li et al. 2002). Nevertheless, we 
speculate that during one or two days of incubation 
this high affinity antagonist may ultimately defuse 
from the binding sites inside NMDA receptor chan-
nels and may be metabolized. Most importantly, 
Tremblay and coworkers (2000) previously demon-
strated that neuroprotection generated 48 h after brief 
pretreatment of cortical neurons with MK -801 may 
be blocked by the protein synthesis inhibitor cyclohex-
imide, and hereby this phenomenon meets the criteria 
of tolerance induced by delayed preconditioning 
(Barone et al. 1998). 

Based on the above arguments we claim that pre-
conditioning of the neuronal cultures with both NMDA 
receptor antagonists induces tolerance to OGD and 
excitotoxicity. Still in the present study we examined 
to what extent possible presence of residual MK-801 
after its washing may also participate in neuroprotec-
tive effects observed after preconditioning with 
MK-801. The recent study of McKay and others (2013) 
confirmed that MK-801 is very difficult to wash out 
and described protocols of repeated washing of neu-
rons which were pretreated with MK-801 with the 
medium containing a low concentration of NMDA 
and magnesium that significantly accelerate recovery 
of NMDA receptors from MK-801 blockade. Our 
present results comparing the effects of standard and 
extended techniques of the MK-801 wash out after 
preconditioning revealed a statistically significant dif-
ference in the susceptibility of cultures to a glutamate 
excitotoxicity test. In cultures challenged with gluta-
mate immediately after preconditioning with MK-801 
followed by a standard wash out a significant but rela-
tively slight cytoprotection was noticed. This protec-
tive effect was much more pronounced when the 
excitotoxic stimulus was applied 24 h after precondi-
tioning with MK-801 followed by a standard wash out 
procedure. However application of an extended wash 
out with a magnesium and NMDA containing medium 
in both cases resulted in a complete elimination of 
neuroprotection. Collectively this data indicate that in 
our experiments traces of MK-801 remain in cultures 
after preconditioning followed by a standard wash out 

procedure. Consequently, in the excitotoxicity test 
applied a few minutes after wash out these traces of 
MK-801 provided relatively slight but statistically sig-
nificant cytoprotection, which was not noticed after 
more effective extended wash out of MK-801 with 
magnesium and NMDA-containing medium. Our 
finding that cytoprotection induced by exposure of 
CGC to MK-801 followed by a standard wash out is 
much more pronounced after 24 h is consistent with 
known features of delayed preconditioning (Dirnagl et 
al. 2009) and suggests that the induced tolerance plays 
a key role in the mechanism of this phenomenon. Lack 
of this effect in cultures extensively washed out after 
MK-801 preconditioning may indicate that a pro-
longed presence of residual MK-801 resulting in per-
sistent partial suppression of the activity of NMDA 
receptors during 24 h incubation of cultures after pre-
conditioning is the key component of the induction of  
the neuronal tolerance by MK-801. Subsequent studies 
are necessary to test the latter hypothetical explana-
tion.

Already Tremblay and coauthors (2000) demon-
strated that preconditioning of the rat primary cortical 
cultures with brief exposure to NMDA receptor antag-
onist MK-801 induces tolerance to OGD applied 48 h 
later. Our present results brought new data to these 
pioneering findings. We show that such a tolerance to 
OGD may be induced not only in the cortical neuronal 
cultures but also in CGC, which suggests the universal 
nature of this effect. Beyond the already known effect 
of MK-801, we have also detected a similar but slightly 
weaker effect of memantine, a drug that is used in 
humans in the treatment of Alzheimer’s disease symp-
toms (Danysz and Persons 2012). The previous study 
of Tremblay et al. (2000) has not detected reduction by 
preconditioning with MK-801 of NMDA-induced 
increase in the intracellular Ca2+ level in cortical neu-
rons. In contrast, we have shown here a lessening of 
intracellular calcium transients evoked by glutamate in 
CGC 24 h and also 48 h after preconditioning with 
both MK-801 and memantine. Our present findings 
that preconditioning with the NMDA receptor antago-
nists 24 h and 48 h later mildly reduces the glutamate-
induced 45Ca uptake are only partially consistent with 
the results obtained by Aizenman and others (2000) 
demonstrating alterations in the properties of NMDA 
receptors in primary neuronal cultures 24 h, but not 48 
h after preconditioning with sublethal chemical isch-
emia. 
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The convergence of the occurrence of neuroprotec-
tion and inhibition of glutamate-induced calcium sig-
naling in CGC after preconditioning with NMDA 
receptor antagonists that was observed in the present 
study, may suggest a causal relationship between these 
phenomena. The role of disorders of calcium homeo-
stasis and signaling in the cells in the mechanisms of 
ischemia-induced neuronal damage is commonly 
known (for review see Szydlowska and Tymianski 
2010). Still, further studies are needed to characterize 
the mechanism of this phenomenon and to make clear 
how to refer the highly pronounced inhibition of the 
glutamate-evoked intracellular Ca2+ transients to only 
a slight reduction of glutamate-induced 45Ca uptake. 
Perhaps preconditioning with NMDA receptor antag-
onists mainly modifies a phenomenon of calcium-in-
duced calcium release (CICR) from the intracellular 
stores that follows the NMDA receptor-mediated Ca2+ 
influx to neurons and potentiates generation of calci-
um signaling in neurons (for review see Verkhratsky 
and Toescu 2003). Provisionally, we suggest that 
changes in the generation of calcium signaling in glu-
tamate receptors which we observed may contribute to 
the mechanism of tolerance  to OGD gained by pre-
conditioning with NMDA receptor antagonists and 
that this event is primary to inhibition of PKC inacti-
vation and suppression of calpain activation, which 
were previously described by Tremblay and colleagues 
(2000). 

In our previous study the tolerance of CGC to 
glutamate-induced excitotoxicity which was induced 
by preconditioning with the NMDA receptor antago-
nists was very substantial and long lasting (Kuszczyk 
et al. 2010). Our present work reveals that in CGC 
preconditioning to OGD with the NMDA receptor 
antagonists, although significant, was of lower effi-
ciency and shorter duration. Similar differences 
between our previous results (Kuszczyk et al. 2010) 
and our data concern cytoprotection provided by 
NMDA receptor antagonists present during the exci-
totoxic challenge or OGD. These distinctions may be 
due to the more complex mechanisms of cytotoxicity 
induced by OGD, that apart from the obvious compo-
nent of excitotoxicity implicates pronounced fluxes of 
monovalent cations and significant energy distur-
bances leading to pronounced necrotic component of 
neuronal death (Strasser and Fischer 1995, Beck et al. 
2003, Jones et al. 2004). Still, our present results dem-
onstrating the ability to induce tolerance to OGD in 

neurons preconditioned with NMDA receptor antago-
nists point to the possible use of such a strategy in the 
prevention of the ischemia-induced brain damage, 
especially since OGD has been considered as the in 
vitro model of ischemia (for reviews see Noraberg et 
al. 2005, Daviaud et al. 2013). Our recent results con-
firm this possibility, at least for the rat model of peri-
natal asphyxia (Makarewicz et al. 2014). 

CONCLUSION

The results of this study showed that the 30-minute 
pretreatment of the primary cultures of rat cerebellar 
granule cells to the NMDA receptor antagonists 
MK-801 and memantine 24 or 48 h before OGD results 
in cytoprotection, which is accompanied by the inhibi-
tion of glutamate-induced increase in intracellular 
calcium levels. We suggest that this phenomenon is a 
reflection of preconditioning and induced tolerance, 
and that inhibition of calcium signaling in the gluta-
mate-sensitive receptors may be involved in its mecha-
nism. These data indicate that also under in vivo condi-
tions preconditioning with NMDA receptor antago-
nists might induce brain tolerance to ischemia.

ACKNOWLEDGEMENT

This study was supported by the grant no. N N401 
066738 from the Polish Ministry of Science and Higher 
Education.

REFERENCES

Aizenman E, Sinor JD, Brimecombe JC, Herin GA (2000) 
Alterations of N-methyl-D-aspartate receptor properties 
after chemical ischemia. J Pharmacol Exp Ther 295: 
572–577.

Antkiewicz-Michaluk L, Lazarewicz JW, Patsenka A, Kajta 
M, Zieminska E, Salinska E, Wasik A, Golembiowska K, 
Vetulani J (2006) The mechanism of 1,2,3,4-tetrahy-
droisoquinolines neuroprotection: the importance of free 
radicals scavenging properties and inhibition of gluta-
mate-induced excitotoxicity. J Neurochem 97: 846–856.

Balduini W, Carloni S, Buonocore G (2012) Autophagy in 
hypoxia-ischemia induced brain injury. J Matern Fetal 
Neonatal Med 25(Suppl 1): 30–34.

Barone FC, White RF, Spera PA, Ellison J, Currie RW, Wang 
X, Feuerstein GZ (1998) Ischemic preconditioning and 
brain tolerance: temporal histological and functional out-



NMDA antagonists induce tolerance to OGD 403 

comes, protein synthesis requirement, and interleukin-1 
receptor antagonist and early gene expression. Stroke 29: 
1937–1950.

Beck J, Lenart B, Kintner DB, Sun D (2003) Na-K-Cl 
cotransporter contributes to glutamate- mediated excito-
toxicity. J Neurosci 23: 5061–5068.

Cheng YD, Al-Khoury L, Zivin JA (2004) Neuroprotection 
for ischemic stroke: two decades of success and failure. 
NeuroRx 1: 36–45.

Danysz W, Parsons CG (2012) Alzheimer’s disease, 
β-amyloid, glutamate, NMDA receptors and memantine-
-searching for the connections. Br J Pharmacol 167: 
324–352. 

Daviaud N, Garbayo E, Schiller PC, Perez-Pinzon M, 
Montero-Menei CN (2013) Organotypic cultures as tools 
for optimizing central nervous system cell therapies. Exp 
Neurol 248: 429–440. 

Dirnagl U, Becker K, Meisel A (2009) Preconditioning and 
tolerance against cerebral ischaemia: from experimental 
strategies to clinical use. Lancet Neurol 8: 398–412. 

Doyle KP, Simon RP, Stenzel-Poore MP (2008) Mechanisms of 
ischemic brain damage. Neuropharmacology 55: 310–318.

Fan YY, Zhang JM, Wang H, Liu XY, Yang FH (2013) 
Leukemia inhibitory factor inhibits the proliferation of 
primary rat astrocytes induced by oxygen-glucose depri-
vation. Acta Neurobiol Exp (Wars) 73: 485–494.

Gladstone DJ, Black SE, Hakim AM (2002) Heart and 
stroke foundation of Ontario centre of  excellence in 
stroke recovery toward wisdom from failure: lessons 
from neuroprotective stroke trials and new therapeutic 
directions. Stroke 33: 2123–2136. 

Jiang X, Zhu D, Okagaki P, Lipsky R, Wu X, Banaudha K, 
Mearow K, Strauss KI, Marini AM (2003) N-methyl-D-
aspartate and TrkB receptor activation in cerebellar gran-
ule cells: an in vitro model of preconditioning to stimulate 
intrinsic survival pathways in neurons. Ann N Y Acad Sci 
993: 134–145.

Jones PA, May GR, McLuckie JA, Iwashita A, Sharkey J 
(2004) Apoptosis is not an invariable component of in 
vitro models of cortical cerebral ischaemia. Cell Res 14: 
241–250.

Kato H, Liu Y, Araki T, Kogure K (1992) MK-801, but not 
anisomycin, inhibits the induction of tolerance to isch-
emia in the gerbil hippocampus. Neurosci Lett 139: 
118–121.

Kalda A, Eriste E, Vassiljev V, Zharkovsky A (1998) 
Medium transitory oxygen-glucose deprivation induced 
both apoptosis and necrosis in cerebellar granule cells. 
Neurosci Lett 240: 21–24.

Kirino T (2002) Ischemic tolerance. J Cereb Blood Flow 
Metab 22: 1283–1296.

Kitagawa K (2012) Ischemic tolerance in the brain: endog-
enous adaptive machinery against ischemic stress. J 
Neurosci Res 90: 1043–1054.

Kuszczyk M, Słomka M, Antkiewicz-Michaluk L, Salińska 
E, Łazarewicz JW (2010) 1-Methyl-1,2,3,4-tetrahydroiso-
quinoline and established uncompetitive NMDA receptor 
antagonists induce tolerance to excitotoxicity. Pharmacol 
Rep 62: 1041–1050.

Li Q, Clark S, Lewis DV, Wilson WA (2002) NMDA recep-
tor antagonists disinhibit rat posterior  cingulate and ret-
rosplenial cortices: a potential mechanism of neurotoxic-
ity. J Neurosci 22: 3070–3080.

Makarewicz D, Sulejczak D, Duszczyk M, Małek M, 
Slomka M, Lazarewicz J (2014) Delayed preconditioning 
with NMDA receptor antagonists in rat model of perinatal 
asphyxia. Folia Neuropathol 52: 270–284.

McKay S, Bengtson CP, Bading H, Wyllie DJ, Hardingham 
GE (2013) Recovery of NMDA receptor currents from 
MK-801 blockade is accelerated by Mg2+ and meman-
tine under conditions of agonist exposure. 
Neuropharmacology 74: 119–125.

Möbius HJ, Stöffler A, Graham SM (2004) Memantine 
hydrochloride: pharmacological and clinical profile. 
Drugs Today (Barc) 40: 685-695.

Noraberg J, Poulsen FR, Blaabjerg M, Kristensen BW, 
Bonde C, Montero M, Meyer M, Gramsbergen JB, 
Zimmer J (2005) Organotypic hippocampal slice cultures 
for studies of brain damage, neuroprotection and neurore-
pair. Curr Drug Targets CNS Neurol Disord 4: 435–452.

Scorziello A, Pellegrini C, Forte L, Tortiglione A, Gioielli A, 
Iossa S, Amoroso S, Tufano R, Di Renzo G, Annunziato L 
(2001) Differential vulnerability of cortical and cerebellar 
neurons in primary culture to oxygen glucose deprivation 
followed by reoxygenation. J Neurosci Res 63: 20–26.

Strasser U, Fischer G (1995) Protection from neuronal dam-
age induced by combined oxygen and glucose depriva-
tion in organotypic hippocampal cultures by glutamate 
receptor antagonists. Brain Res 687: 167–174.

Szydlowska K, Tymianski M (2010) Calcium, ischemia and 
excitotoxicity. Cell Calcium 47: 122–129. 

Tauskela JS, Comas T, Hewitt K, Monette R, Paris J, Hogan 
M, Morley P (2001) Cross-tolerance to otherwise lethal 
N-methyl-D-aspartate and oxygen-glucose deprivation in 
preconditioned cortical cultures. Neuroscience 107: 571–
584.

Tremblay R, Chakravarthy B, Hewitt K, Tauskela J, Morley 
P, Atkinson T, Durkin JP (2000) Transient NMDA recep-



404  M. Słomka et al.

tor inactivation provides long-term protection to cultured 
cortical neurons from a variety of death signals. J 
Neurosci 20: 7183–7192. 

Verkhratsky A, Toescu EC (2003) Endoplasmic reticulum 
Ca2+ homeostasis and neuronal death. J Cell Mol Med 7: 
351–361.

Zhao H (2009) Ischemic postconditioning as a novel avenue 
to protect against brain injury after stroke. J Cereb Blood 
Flow Metab 29: 873–885. 

Ziemińska E, Stafiej A, Toczyłowska B, Lazarewicz JW 
(2012) Synergistic neurotoxicity of oxygen-glucose 
deprivation and tetrabromobisphenol A in vitro: role of 
oxidative stress. Pharmacol Rep 64: 1166–1178.

Ziemka-Nałęcz M, Stanaszek L, Zalewska T (2013) Oxygen-
glucose deprivation promotes gliogenesis and microglia 
activation in organotypic hippocampal slice culture: 
involvement of metalloproteinases. Acta Neurobiol Exp 
(Wars) 73: 130–142.


