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Abstract N-Methyl-D-aspartate receptors (NMDARs) are
essential mediators of synaptic plasticity under normal
physiological conditions. During brain ischemia, these
receptors are excessively activated due to glutamate
overflow and mediate excitotoxic cell death. Although
organotypical hippocampal slice cultures are widely used to
study brain ischemia in vitro by induction of oxygen and
glucose deprivation (OGD), there is scant data regarding
expression and functionality of NMDARs in such slice
cultures. Here, we have evaluated the contribution of
NMDARs in mediating excitotoxic cell death after expo-
sure to NMDA or OGD in organotypical hippocampal
slice cultures after 14 days in vitro (DIV14). We found
that all NMDAR subunits were expressed at DIV14. The
NMDARs were functional and contributed to cell death, as
evidenced by use of the NMDAR antagonist MK-801
(dizocilpine). Excitotoxic cell death induced by NMDA
could be fully antagonized by 10 μM MK-801, a dose that
offered only partial protection against OGD-induced cell
death. Very high concentrations of MK-801 (50–100 μM)

were required to counteract cell death at long delays (48–
72 h) after OGD. The relative high dose of MK-801 needed
for long-term protection after OGD could not be attributed
to down-regulation of NMDARs at the gene expression
level. Our data indicate that NMDAR signaling is just one
of several mechanisms underlying ischemic cell death and
that prospective cytoprotective therapies must be directed to
multiple targets.
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Introduction

N-Methyl-D-aspartate receptors (NMDARs) are a class of
glutamate-activated cationotropic receptors that are highly
permeable to Ca2+ and Na+. Influx of ions upon activation
contributes to membrane depolarization and intracellular
Ca2+ transients that are responsible for the physiological
effects of NMDAR signaling. NMDARs are essential
mediators of synaptic plasticity both in the developing
and adult brain (Aamodt and Constantine-Paton 1999; Bliss
and Collingridge 1993; Malenka and Nicoll 1999). They
are most likely heterotetramers, composed of two NR1
subunits and two glutamate-binding NR2 subunits that are
encoded by four different genes (NR2A-D) (Monyer et al.
1992). In some cases, NMDARs also contain NR3 subunits
(Moriyoshi et al. 1991; Szydlowska and Tymianski 2010).
The most commonly expressed NMDAR in the mammalian
central nervous system (CNS) consists in two obligatory
NR1 subunits in combination with either NR2A and/or
NR2B (Kohr 2006). The NR2A and NR2B subunits display
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different expression patterns during development: the
NR2B subunit is expressed already at early developmental
stages, whereas NR2A appears after birth (Gambrill and
Barria 2011). For either subunit the expression peaks
around postnatal day 20 (Kohr 2006; Monyer et al. 1994;
Sheng et al. 1994). The C-terminal domains of the
NMDAR subunits mediate coupling to distinct downstream
signaling pathways involved both in physiological and
pathophysiological responses (Szydlowska and Tymianski
2010).

During pathophysiological conditions, such as in brain
ischemia, lack of energy induces a collapse of ionic
gradients followed by excessive neuronal depolarization,
release of excitatory neurotransmitters and reduced re-
uptake of neurotransmitters from the extracellular space.
Glutamate is the major excitatory neurotransmitter in the
mammalian brain and increased level of glutamate, as
occurs in stroke, induces overstimulation of NMDARs,
massive influx of Ca2+ and activation of cell death
signaling pathways (Arundine and Tymianski 2003; Choi
1992; Lipton and Rosenberg 1994). This overstimulation of
NMDARs is referred to as excitotoxicity and is assumed to
account for much of the neurodegeneration that occurs after
an ischemic insult in vivo (Olney 1969). However,
recent data have revealed that NMDAR-induced damage
is a more complex phenomenon than previously assumed,
calling for a re-examination of the roles of NMDARs in
brain ischemia. Several studies indicate that the involve-
ment of NMDARs in ischemic cell death signaling
depends on receptor localization (extrasynaptic versus synap-
tic) (Hardingham et al. 2002; Zhang et al. 2007; 2011) or
subunit-composition (NR2A vs NR2B) (Liu et al. 2007).
Synaptic NMDARs are claimed to mainly activate signaling
cascades and genes promoting cell survival, whereas the
extrasynaptic NMDARs are thought to activate signaling
cascades and genes that promote cell death (Hardingham and
Bading 2010; Milnerwood et al. 2010). Other reports suggest
that both pools of NMDARs (extrasynaptic and synaptic)
can participate in excitotoxic cell death signalling (Sattler et
al. 2000; Stanika et al. 2009) and that the subunit
composition determines if cell survival (NR2A) or cell death
(NR2B) signaling cascades are activated (Martel et al. 2009).

Brain ischemia can be studied in vitro in dispersed
neuronal cultures as well as in organotypical slice cultures
by bath application of NMDAR agonists or by induction of
OGD (Laake et al. 1999; Runden-Pran et al. 2002, 2005;
Ring et al. 2010; Bonde et al. 2005; Noraberg et al. 2007).
In organotypical slice cultures the cytoarchitecture is
retained. Notably, connections between hippocampal sub-
regions CA1, CA3 and the dentate gyrus (DG) are intact
(Gähwiler et al. 1997). The maintenance of glial–neuronal
interactions is important when investigating pathophysio-
logical conditions like ischemia, where impaired glutamate

uptake by glial cells could contribute to increased extracel-
lular level of glutamate and induction of excitotoxicity
(Benveniste et al. 1984; Camacho and Massieu 2006; Rossi
et al. 2000). The organotypical model offers an alternative
to dissociated cell cultures and in vivo models, allowing
investigation of molecular mechanisms underlying excito-
toxic cell death signaling without perturbation due to
systemic parameters (Noraberg et al. 2007; Bonde et al.
2005; Ring et al. 2010; Laake et al. 1999; Runden-Pran et
al. 2002, 2005; Rolseth et al. 2008; Cook and Tymianski
2011).

NMDARs contribute to cell death in organotypical slice
cultures subjected to OGD (Bonde et al. 2005; Kristensen et
al. 2001; Martinez-Sanchez et al. 2004; Montero et al.
2007; Newell et al. 1995; Noraberg et al. 2007). They also
mediate cell death in acute brain slices (Zhou and Baudry
2006). However, no comparative analysis has been per-
formed on NMDA- and OGD-evoked cell death in such
cultures, nor on the contribution of NMDARs in these
different experimental paradigms. Such data are urgently
needed to justify extrapolations to the conditions that
prevail during stroke. Furthermore, information is scant
regarding the expression of NMDARs in organotypical
hippocampal slice cultures in parallel to in vivo hippocam-
pal expression at a corresponding age. Given the distinct
developmental profile of NMDAR subunits, one cannot
assume, a priori, that slices harvested from newborn rats
display the same complement of receptors as that seen in
mature animals used in in vivo stroke models. Therefore, in
this study, we evaluate the contribution of NMDARs to cell
death induced by NMDA or OGD, respectively. We also
characterize the developmental expression of NMDAR
subunits NR1, 2A and 2B in organotypical hippocampal
slices and directly compare the expression pattern with that
seen in situ.

Materials and methods

Materials

Culture media were from GIBCO (Life Technologies,
Paisley, UK) and other chemicals used were from Sigma-
Aldrich (Norway) unless otherwise indicated.

Preparation of organotypical hippocampal slice cultures

Organotypical hippocampal slice cultures were prepared as
previously described (Runden et al. 1998; Rolseth et al.
2008). Both hippocampi were quickly dissected under
aseptic conditions from postnatal 5 or 6 days old Wistar
rats (M&B, Taconic, Denmark). The hippocampi were then
cut into 350- to 375-μm-thick transverse slices with a
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McIlwain tissue chopper and immediately transferred for
separation into Gey’s balanced salt solution (GBSS)
(1.5 mM CaCl2, 5 mM KCl, 0.22 mM KH2PO4,
1 mM Mg Cl2, 0.3 mM MgSO4, 137 mM NaCl, 2.7 mM
NaHCO3, 1 mM Na2 HPO4, 5.6 mM D-glucose) supple-
mented with 5 mg/ml glucose. Hippocampal slices with
intact subregions and fimbria were individually placed on
glass cover slips (Kindler, Freiburg, Germany) with chicken
plasma. Thrombin (from bovine plasma; Merck, Germany)
diluted in GBSS/ultra-pure H20 was added in order to attach
the slice to the cover slip by clot formation. The slices were
then transferred to flat-sided culture tubes (Nunc; Nalge
Nunc International, Nagerville, USA) containing 750 μl
culture media composed of 50% Basal medium Eagle (with
Hanks’ salts, BME; BioConcept, Switzerland), 25% Hanks’
balanced salts (HBSS, GIBCO), 25% horse serum (GIBCO)
and supplemented with 100U/ml Penicillin G, 100 μg/ml
streptomycin (Invitrogen or GIBCO), 1 mM L-glutamine and
20 mM glucose and cultivated in a roller drum on a rotator
(Bellco Biotechnology, NJ, USA) tilted at an angle of
5º, rotating with a speed of ∼8 rph in an incubator at 36°C.
The culture medium was changed after 1 week and the
cultures were grown for 2 weeks prior to experiments.
Efforts were made to reduce the number of animals used in
accordance with the European Communities Council direc-
tive 86/609/EEC.

Oxygen and glucose deprivation (OGD)

OGD was induced as previously described (Laake et al.
1999) with some modifications (Rytter et al. 2003). Prior to
an experiment, the slice cultures were incubated overnight
with propidium iodide (PI) (5 μg/ml dissolved in dimethyl
sulfoxide (0.001% DMSO)) added to the culture medium.
Slice cultures showing a distinct uptake of PI in the
pyramidal cell layer were excluded. PI is a fluorescent
dye that binds to nucleic acid in cells with a damaged cell
membrane and is used as an indicator of cell death (Laake
et al. 1999; Noraberg et al. 1999). During an experiment, PI
was included in all solutions used unless stated otherwise.
On the experimental day, the slice cultures were pre-
incubated for 60 min in a culture medium with MK-801
or solvent alone. After pre-incubation, the slice cultures in
the OGD group were washed once with ischemic cerebral
spinal fluid solution (iCSF) (0.3 mM CaCl2, 70 mM NaCl,
5.25 mM NaHCO3, 70 mM KCl, 1.25 mM NaH2PO4,
2 mM MgSO4, 20 mM sucrose), pre-bubbled with an
anoxic gas mixture (80% N2, 10% H2 and 10% CO2), to get
rid of oxygen and acidify the solution to pH 6.5-6.8. The
slice cultures were then transferred to an anaerobic
incubator with custom-made modifications (Electrotec
workstation, mini, Sweden) with the same gas mixture
and a temperature set to 36°C. Traces of oxygen were

removed by a palladium catalyst and stable anaerobic
conditions were monitored with an oxygen indicator
solution. In the anaerobic incubator the slice cultures were
washed once more with iCSF before adding either iCSF
solely (control) or the NMDA-receptor antagonist MK-801
(10, 50, 100 μM) or NMDA (200 μM) diluted in iCSF and
placed for 15 min in a roller drum on a rotator (Bellco
Biotechnology) (see above). After the ischemic insult, the
slice cultures were removed from the anaerobic incubator,
washed twice with the culture medium and incubated for up
to 72 h with either a culture medium or a culture medium
supplemented with MK-801 at the same concentrations as
above. The control slice cultures (no OGD) were washed
twice with artificial cerebral spinal fluid solution (aCSF)
(2 mM CaCl2, 125 mM NaCl, 25 mM NaHCO3, 2.5 mM
KCl, 1.25 mM NaH2PO4, 2 mM MgSO4, 20 mM glucose,
pH ∼7.4) and incubated throughout the experiment with
aCSF in a standard aerobic incubator in a roller drum. At
the end of an experiment, the control slices were also
washed twice with a culture medium, added fresh culture
medium and evaluated for cell death at defined time points
up to 72 h without further change of media (as roller drum
slice cultures normally get new media only once a week).
For evaluation of development of cell death, recordings
were made up to 144 h after OGD.

NMDA-induced cell death

NMDA-induced cell death was achieved by incubating the
slice cultures with NMDA (150 μM) diluted in aCSF for
15 min in a standard aerobic incubator. Pre-selection of
viable slice cultures, pre-incubation with MK-801 (10, 50,
100 μM), control slices and the termination of the experi-
ments were performed according to the OGD-protocol
described above. The slice cultures were evaluated for cell
death at defined time-points up to 72 h after exposure with
no further change of media.

Quantification of cell death

Quantification of cell death was performed as described
previously (Runden-Pran et al. 2005). Cell death was
assessed by measuring the PI-fluorescence before OGD or
exposure to NMDA (0 h) and at different time-points (24,
48 and 72 h) following the insults. Slice cultures were
examined with an inverted Olympus IMT2 microscope with
a ×4 objective and ×2.5 ocular and images were captured
with a C4880-96 cooled CCD camera driven by the
manufacturer’s software (Hamamatsu HiPic 4.2.1). PI-
fluorescence was induced with light from a 100-W mercury
lamp, attenuated with a grey-filter and passed through a
rhodamine filter cube (Olympus IMT2-DMG). Illumina-
tion, integration time and camera gain were set to fully
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exploit the 12-bit intensity range of the imaging system
without saturating it and were kept throughout the
experiment nominally constant for all images at each
time-point. Each series of recording was started by
recording a dark current image with the chosen integration
time and camera gain but with a closed light path (camera
temperature −30°C). Also, a shading correction image was
recorded from a preparation of PI dissolved in DMSO
(2.5 mg/ml). Shading correction was performed to correct
for spatially non-uniform sensitivity of the complete
imaging system. PI fluorescence was evaluated with the
image processing software analySIS (Soft Imaging Soft-
ware, Münster, Germany). For semi-quantitative analysis,
freehand regions of interest (ROIs) were created around the
dentate gyrus (DG) and the CA3 and CA1 hippocampal
subfields of each slice culture. The mean grey-values for
each ROI (per unit area) were calculated from the
fluorescence intensity and imported into the SPSS statistical
software (SPSS, USA). We have earlier shown that there is
a good correlation between the number of dead cells and
the PI-fluorescence intensity. The auto-fluorescence and
unspecific accumulation of PI in the tissue were corrected
by subtracting the grey-values from the images at 0 h from
the grey-values of the same cultures at 24, 48 and 72 h after
the insults, i.e. each slice was normalized to itself using this
method (for Fig. 4, the analysis were performed at 2, 4, 6, 10,
12, 24, 48, 72, 96, 120 and 144 h after OGD). The statistical
analyses were performed with the non-parametric Kruskall-
Wallis test for comparison of differences between all groups
and one-tailed non-parametric Mann–Whitney U test for
comparison of paired groups. Data are presented as means ±
SEM.; P<0.05 was considered statistically significant.

Sample collection for Western blotting

For comparative developmental immunoblot analysis of
protein expression levels, the whole hippocampal formation
was studied at postnatal day (P) 6, 12, 19 and 26, whereas
slice cultures were studied at corresponding developmental
stages: days in vitro (DIV) 0 (on the same day the slice was
prepared), 7, 14 and 21. Slice cultures from four to five
different animals (n=4–5) were pooled at each time point
and immediately snap frozen in liquid nitrogen. Whole
hippocampi from two rat pups (n=2) at each time point as
well as whole hippocampi and cortex from adult mouse and
rat were dissected in an ice-cold GBSS buffer and snap
frozen in liquid nitrogen. Forebrain tissue from adult
NR2A−/− and NR2BΔf knock out (KO) mice and their
wild-type (WT) mice was collected immediately after
preparation of acute hippocampal slices and snap frozen
in liquid nitrogen. NMDAR2B conditional KO mice were
generated with the Cre/loxP system to target NR2B gene
deletion in principal neurons of the postnatal brain

(NR2BΔFb). The NR2B exon 9 was flanked by loxP sites
(NR2B2lox mice) and GABAergic interneurons are spared
as they do not express α-CaMKII promoter-driven Cre
(Sakimura et al. 1995; von Engelhardt et al. 2008).

Immunoblot analysis

Slice cultures were homogenized by sonication and
whole hippocampi with a pestle, on ice in an RIPA-
lysis buffer (1 mg tissue/10 μl lysis buffer) (0.1% SDS,
1% Triton-X-100, 0.5% DOC (deoxycholic acid), 50 mM
Tris (pH 7.4), 150 mM NaCl, 5 mM EDTA, protease
inhibitor cocktail (Roche)). After homogenization, the
samples were centrifuged and the supernatant was
collected into new tubes. The total protein concentration
was measured with a detergent-compatible DC-Kit (Bio-
Rad) and a microplate reader (Bio-Rad Benchmark) at
622 nm. The samples were diluted in a 6× sample
loading buffer (1× sample loading buffer contained 1.7%
SDS, 60 mM Tris-HCl pH 6.8, 5% glycerol, 100 mM
DTT and a trace amount of bromophenol blue) to reach a
final concentration of 1 μg/μl. Twenty μg of protein
were applied per well on a pre-cast Tris-HCl 4-20%
gradient gel (Criterion; Bio-Rad), separated under dena-
turating conditions and thereafter transferred onto a
polyvinylidene difluoride (PVDF) membranes (BioRad).
PVDF membranes were incubated for 1–2 h in a
blocking buffer [5% non-fat milk in Tris buffered saline
(137 mM NaCl, 20 mM Tris, pH 7.6) containing 0.05%
Tween (TBS-T)] and then overnight with primary anti-
bodies against: rabbit-anti-NR1 (Chemicon 1:800),
mouse-anti-NR1 (BD Pharmingen 1:800), rabbit-anti-
NR2A (Chemicon 1:300), rabbit-anti-NR2B (Novus
Biological 1:300) and rabbit-anti-β-actin (Sigma-Aldrich
1:500). Membranes were then rinsed 3× in TBS-T and
incubated with secondary antibodies; either with
peroxidase-labeled anti-rabbit or anti-mouse (Sigma-
Aldrich) for 1–1.5 h. After washes with TBS-T, the
membranes were incubated for 10 min with Enhanced
Chemi-Fluorescence (ECF)-substrate (Amersham Bio-
sciences) to elicit a fluorescent signal that was scanned
on a Typhoon 9410 scanner (Amersham Biosciences) at
532 nm.

RNA isolation, cDNA synthesis and TaqMan realtime PCR

For TaqMan real-time PCR studies, slice cultures from
four to five different animals (n=4–5) were collected at
different time points after OGD (1, 3, 4, and 24 h), pooled
and stored in RNAlater (Ambion) at −20°C. The RNA
isolation was performed with an RNeasy RNA isolation
kit (Qiagen) and the DNAse treatment with an RNase-free
DNase set (Qiagen) according to the manufacturer’s

332 Cell Tissue Res (2011) 345:329–341



instructions. The RNA concentration was quantified using
NanoDrop (NanoDrop Technologies, Wilmington, USA) UV
spectrometry and RNAwith the A260/A280 ratio 1.9–2.1 was
converted further into cDNA (0.04 μg RNA/μl reaction)
using the High Capacity cDNA Archive Kit (Applied
Biosystems). The expression of different NMDAR subunits
was measured using TaqMan assays: Rn01436034_m1
(NR1, all splice variants), Rn01424654_m1 (NR2A) and
Rn00680474_m1 (NR2B) (Applied Biosystems) and stan-
dardized to rGAPDH (Rn99999916_s1) control, on a 7900
HT Fast Real-Time PCR System (Applied Biosystems).

Results

Expression of NMDAR subunits NR1, NR2A and NR2B
in DIV14 organotypical slice cultures is comparable
to expression in situ

We wanted to compare the expression profile of the
NMDAR subunits NR1, NR2A and NR2B in organotypical
hippocampal slice cultures with the developmental expres-
sion of these receptor subunits in hippocampus in situ. For
organotypical slice cultures to serve as a good model for
studying excitotoxic cell death signaling, the receptor
expression pattern in slices should match the expression
pattern in situ.

Expression levels of NR1, NR2A and NR2B were
assessed in slice cultures at different days in vitro (DIV0,
DIV7, DIV14 and DIV21) and in freshly dissected rat
hippocampi at corresponding postnatal days (P6, P12, P19
and P26). Organotypical slice cultures were prepared from
P6 rat pups (corresponding to DIV0 in vitro) and grown for
2 weeks until DIV14. After preparation, the slice cultures
were allowed to recover for 6 h in the incubator at 36°C
before being subjected to further analysis.

We found that from DIV7 to DIV21 (corresponding to
P14 and P26), the protein levels of NR1, NR2A and NR2B
in slice cultures were strikingly similar to the protein levels
in situ (Fig. 1a–c).

The expression of the NR1 subunit was investigated
with two antibodies recognizing two different NR1
subunit epitopes. The BD Pharmingen NR1 antibody
recognizes an extracellular epitope, while the Chemicon
NR1 antibody recognizes an intracellular epitope. Both
antibodies indicated the same NR1 expression pattern
and protein levels, in vitro as well as in situ (Fig. 1a).
NR1 was strongly expressed throughout development both
in the slice cultures and in hippocampus in situ (Fig. 1a).
The most striking in vitro result was the pronounced
reduction of protein levels for all the NMDAR subunits
and to some extent also for β-actin, on the day the slice
cultures were prepared (DIV0; cf. levels at P6). From

DIV0 to DIV21, there was a steady increase in receptor
protein levels.

NR2A displayed a gradual upregulation with age in the
slice cultures as well as in situ (Fig. 1b). Characteristic of
the in situ situation was the appearance of three high-
molecular weight (MW) bands for NR2B. The relative
density of these bands changed with age, with the lowest
MW band at ∼140 kDa being predominant at P6 and the
highest band at ∼180 kDa being predominant at P19 and
P26 (Fig. 1c). In the slice cultures, the highest band at
∼180 kDa was dominant at all DIV investigated, with only
indistinct bands at lower molecular weights. Thus, for
NR2B, the expression pattern in slice cultures reflected the
mature pattern in situ.

Antibody specificity for the NR2 subunits was tested in
adult mice with either global deletion of the gene encoding
NR2A (NR2A−/−) or with conditional deletion of the gene
encoding NR2B (NR2BΔfb). The NR2A signal was abol-
ished in the NR2A KO material (Fig. 2a). For NR2B, a
residual signal remained in tissue from the NR2BΔfb mice,
probably reflecting NR2B in GABAergic interneurons
(Sakimura et al. 1995) (Fig. 2b). A so-called mosaic pattern
(Clark et al. 1994), including a residual signal, can often be
observed in genetically modified mice with a conditional
knockout. Each of the three high-MW bands for NR2B was
attenuated, indicating that they represent bona fide NR2B
immunoreactivity. The three bands obtained with the NR2B
antibody were reproduced in extracts from hippocampus
and cerebral cortex of both mice and rats (Fig. 2c), ruling
out the possibility of species or regional differences.

NMDARs expressed in organotypical hippocampal slice
cultures are fully capable of inducing excitotoxic cell death
at DIV14

We exposed slice cultures to high concentrations of NMDA
(150 μM) to induce excitotoxicity (Fig. 3). NMDA induced
cell death in all hippocampal subregions and cell death
could be counteracted by the open channel blocker MK-801
(10, 50, or 100 μM) at all time points after the insult
(Fig. 3a–c). MK-801 fully antagonized NMDA-induced cell
death in CA1, CA3 and DG, even at the lowest concentra-
tion used (10 μM) (Fig. 3a–c).

MK-801 only partially counteracted excitotoxic cell death
induced by oxygen and glucose deprivation (OGD)
in organotypical hippocampal slice cultures

In our model, OGD induces selective and delayed cell death
in the vulnerable CA1 pyramidal cells, reflecting the in
vivo situation in stroke. Cell death in CA1 appears around
24 h after OGD and increase with time to reach a maximum
around 72 h after the insult (Fig. 4).
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To evaluate the contribution of the NMDARs in
OGD-mediated cell death, we treated the slice cultures
with MK-801 during the insult. The (+) MK-801
stereoisomer was used for all experiments as it blocks
both NR2A and NR2B containing NMDARs by the

same potency (similar IC50 values), as well as being more
pH stable than the (−) MK-801 stereoisomer (Dravid et al.
2007). pH–stability is critical as the pH drops approxi-
mately one-unit to ∼6.5–6.8 during OGD by use of iCSF.
The concentration of MK-801 needed to obtain good

Fig. 1 NMDA receptor subunit expressions in vitro and in situ-time
course a comparison between hippocampal organotypical slice
cultures and rat pup hippocampi. a Western blots from extracts from
organotypical hippocampal slice cultures and also from rat hippocam-
pi labeled both with an antibody against an extracellular epitope and
with an antibody against an intracellular epitope of the NR1 subunit.
Extracts were obtained at different days in vitro (DIV) (0–21) from the
slice cultures and at corresponding postnatal days (P) (6–26) from rat
hippocampi. DIV0 was the day of preparation of the slices from P6
animals, corresponding to P6 in situ. β-actin was used as a loading
control. NR1 was strongly expressed in situ at all ages analyzed. In the
slice cultures, protein levels were strongly decreased at the day of slice
preparation and gradually recovered until strongly expressed at
DIV14. Both antibodies against the extra- and intracellular epitope

of NR1 gave a similar expression pattern, confirming the specificity of
the antibody. b As in (a) but with an antibody against the NR2A
subunit. There was an increase in expression of NR2A from P6 to P12
in situ, with a sustained strong expression level. NR2A was also
strongly expressed at DIV 21 in vitro in the slice cultures. c As in (a)
but with an antibody against the NR2B subunit. The NR2B antibody
gave three bands and there was a shift from strong expression of the
lowest band and weak expression of the highest band to the opposite
from P6 to P18. In the slice cultures the labeling pattern resembled the
mature pattern at all DIV, with strongest expression of the highest band
(∼180 kDa) and very indistinct labeling of the lowest band. For in
vitro n=4–5 animals per group (4–5 slices from 4–5 animals pooled
together per group) and in situ n=2 animals per group
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neuroprotection increased with time after the insult
(Fig. 5). As much as 100 μM MK-801 was required to
block cell death at 72 h after OGD (Fig. 5c). MK-801 at
10 μM failed to offer significant protection (Fig. 5).

NMDA induces excitotoxic cell death with equal potency
when applied in combination with OGD as when applied
alone

The relatively low cytoprotective potency of MK-801 in
OGD could reflect inhibition of NMDARs due to the
low pH that prevails during OGD. To explore this
possibility, we exposed slice cultures to NMDA
(200 μM) in iCSF in the anaerobic chamber (OGD).
We found that cell death developed rapidly to reach a
maximum about 24 h after the insult, comparable to our
results obtained with exposure to NMDA alone (Figs. 3
and 6). Exposure to OGD induced the same extent of cell

death as NMDA. However, the development of cell death
was delayed and reached a maximum about 72 h after the
insult (Fig. 6). Our data indicate that the low efficacy of
MK-801 during OGD cannot be attributed to proton block
of the NMDARs.

�Fig. 3 NMDA induces excitotoxic cell death in organotypical slice
cultures that can be fully counteracted by MK-801. a Cell death was
measured by analysis of propidium iodide (PI) fluorescence intensity.
Massive cell death was apparent from 24 h after exposure to 150 μM
NMDA, especially in the selective vulnerable CA1 region and
sustained at 48 h (b) and 72 h (c) after treatment. Cell death could
be counteracted completely by MK-801 (10–100 μM), even at the
lowest concentration (p≤0.05). Data are presented as mean ± standard
error of mean (SEM). n=6 in control (No NMDA) and 10 μM MK-
801 group, n=4 in the 50 μM MK-801 group and n=5 in 100 μM
MK-801 group

Fig. 2 Western blots confirming specificity of the NR2A and NR2B
antibodies applied. a NR2A antibody was tested on forebrain material
from adult NR2A deleted mice (KO) and their control littermates
(WT). Labeling was completely abolished in the KO animal. A strong
band of β-actin confirms the presence of proteins in the membrane. b
NR2B antibodies tested on forebrain material from adult forebrain-
specific conditional NR2B deleted mice (KO) and their control
littermates (WT). All three bands for NR2B labeling were markedly
reduced in the KO, indicating that all three bands are reflecting NR2B.
See text for discussion. c NR2B antibody tested on hippocampal (HC)
and cortical (C) material from adult wild-type mice and rats. The three
bands obtained with the NR2B antibody were reproduced in extracts
from hippocampus and cerebral cortex of both mice and rats, ruling
out the possibility of species or regional differences
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No significant changes in mRNA levels of NR1, NR2A
or NR2B after OGD

Next, we wanted to resolve if the low potency of MK-801
in counteracting OGD-induced cell death could be due to
an early down-regulation of the NMDARs after OGD,
implying increased contribution of alternative excitotoxic
signaling pathways. We investigated mRNA levels of the
NMDAR subunits NR1, NR2A and NR2B at different time
points (1, 3, 4 and 24 h) after the ischemic insult with
corresponding control groups (Fig. 7a–c). Thus analysis
was performed prior to development of significant cell
death. None of the NMDAR subunits displayed statistically
significant changes in mRNA level after OGD (Fig. 7a–c).
The values were standardized to GAPDH and normalized to
the control group for each time point.

Discussion

Our study is the first comparative evaluation of NMDARs
as mediators of NMDA- and OGD-induced cell death in

organotypical hippocampal slice cultures. Our data show
that the key subunits NR1, NR2A and NRB are expressed
in cultured slices but that they are down-regulated in the
first time period after slice preparation (Fig. 1a–c). This is
probably an effect of the slice preparation per se and
justifies the common practice of allowing slice cultures to
mature for ∼14 days before experimental manipulations.
Thus, slice cultures represent an advantage over acute
slices, as the slice cultures will have recovered from the
stress and damage introduced by slice preparation at the
time they are used in experimental settings. Our data are in
line with results from a study on organotypical hippocam-
pal slices cultivated on membranes (Stoppini et al.1991),
demonstrating a postnatal age-related change in NR2A and
NR2B subunits composition that parallels what is seen in
vivo in rodents (Wise-Faberowski et al., 2009). In our study,
we additionally investigated the total level of NMDAR
indicated by NR1 expression. Wise-Faberowski et al. also
found that NMDAR subunit composition was dependent
upon duration of OGD in their model.

Our study shows that the NMDARs are functional in the
sense that NMDA application rapidly induces cell damage
that can be effectively blocked by 10 μM MK-801

Fig. 4 Oxygen- and glucose
deprivation (OGD) induces
delayed and selective cell death
in the vulnerable CA1 pyramidal
cells in organotypical hippo-
campal slice cultures. Ischemia
was induced to the slice cultures
by incubation in glucose depri-
vated ischemic cerebral spinal
fluid (iCSF) in an anaerobic
chamber. Cell death was mea-
sured by propidium iodide (PI)
fluorescence intensity in the
different hippocampal subre-
gions [CA1, CA3 and dentate
gyrus (DG)], with selective
labeling in the CA region (a).
Cell death appeared around
24 h after OGD and increased
towards 72 h, before a flattening
of the curve towards 144 h (b).
The drop in the curve between
96 and 144 h is probably due to
fluorescence bleaching. Cell
death was delayed and most
pronounced in the selective
vulnerable CA1 region. Data are
presented as mean ± SEM.,
n=10 slices from 4 animals per
group. Scale bar 0.5 mm
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(Fig. 3a–c). This finding provides a baseline for assessing
the extent to which NMDARs contribute to OGD-induced
cell death. MK-801 at 10 μM was not sufficient to offer

cytoprotection after OGD and as much as 100 μM was
required to obtain full protection at 72 h (Fig. 5c). The
relatively low efficacy of MK-801 post-OGD is not due to
the reduced transcription of NMDAR genes, as judged by
RT-PCR analyses (Fig. 7b). The low efficacy could be due
to inhibition of NMDAR responses caused by low pH of
the incubation medium (Tang et al. 1990), as pH in the
medium was kept low to mimic the conditions in brain
ischemia in vivo. However, we found that NMDA induced
excitotoxic cell death in the slice cultures with the same
potency during ischemic conditions and lowered pH as
during physiological pH (Figs. 3 and 6). It has been shown
in recombinant NMDARs that by lowering the pH from 7.6
to 6.9, NR2A (but not NR2B) is inhibited, displaying
reduced opening probability and opening time of the
channel. A concomitant increased association rate and
strong increase in potency was demonstrated for (−)MK-
801 but not for (+)MK-801. However, for (+)MK-801 there

�Fig. 5 Oxygen and glucose deprivation (OGD) induce cell death that
can only be partially counteracted by 10 μM MK-801. OGD induced
delayed and CA1-selective cell death that appear at 24 h (a) and
aggravates towards 48 h (b) and 72 h (c) after the insult; 10 μM MK-
801 only partially counteracted OGD-induced cell death (a–c). At
48 h (b) and 72 h (c), very high concentrations of MK-801 (50–
100 μM) were needed to obtain almost full neuroprotection (p<0.05).
MK-801 showed a lack in potency with time after OGD. Data are
presented as mean ± SEM, n=5 slices in each group, except the
100 μM MK-801 group were n=6

Fig. 6 NMDA receptors can be activated by NMDA to the same
extent at ischemic low pH as at physiological pH. Oxygen and glucose
deprivation (OGD) was performed in an anaerobic incubator and the
slices were incubated in ischemic cerebral spinal fluid (iCSF). Cell
death was measured by propidium iodide (PI) fluorescence intensity.
Exposure to NMDA (200 μM) during OGD rapidly induced cell death
in the CA1 region, with maximum cell death already at 24 h after
OGD. OGD induced more delayed cell death but reached with time
the same level as with NMDA. Data are presented as mean ± SEM.,
n=4 slices in the noOGD (control) group and in the OGD + NMDA
group, n=5 slices in the OGD group. The slices were prepared from 4
animals
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was no change in neuroprotective potency with decrease in
pH, in contrast to (−)MK-801. The change in pH did not
alter conductance of the receptor but induced a lack of

voltage-dependence for MK-801, probably due to structural
change by protonization of the receptor and ease of binding
of the antagonist in the pore (Dravid et al. 2007). Thus, the
discrepancy in neuroprotection of (+)MK-801 induced by
NMDA or OGD could not be explained by protonic
inhibition of NMDARs, as NMDA was equally potent in
inducing excitotoxic cell death under ischemic acidic
conditions as at physiological pH. Nor could this discrep-
ancy be explained by downregulation of genes encoding
NMDAR subunit proteins.

When taken together, our data indicate that while
NMDARs certainly contribute to post-OGD damage, there
must be co-activation of other cell death pathways whose
relative significance might increase as a consequence of the
lowered pH. Many receptors and channels are activated by
changes in pH, including transient receptor potential (TRP)
channels and acid sensing ion channels (ASICs). These and
other receptors and channels may couple to important
signaling pathways in OGD and operate in parallel with
classic excitotoxic signaling (Szydlowska and Tymianski
2010). Involvement of multiple pathways may be part of
the explanation why NMDAR antagonists have failed in
clinical trials. A combination therapy using blockers of
several routes of Ca2+-influx might be necessary to obtain
neuroprotection in stroke (Szydlowska and Tymianski 2010;
Cook and Tymianski 2011). Organotypical hippocampal slice
cultures represent a good model for studying mechanisms
underlying cell death signaling in brain ischemia. The model
is independent of systemic parameters and allows control of
the microenvironment and experimental manipulations.

In previous studies of organotypical cultures, 10 or 30 μM
MK-801 was reported to offer protection (Bonde et al. 2005;
Newell et al. 1995). However, in these studies, the pH of the
medium was not adjusted to that typical of ischemic tissue.
In earlier studies, Wieloch´s group used 20 μM MK-801 to
obtain significant cytoprotection after OGD in the same
model but presented data only up to 24 h after OGD (Rytter
et al. 2003). In our study 50 μM MK-801 gave significant
cytoprotection also at 48 h after OGD. None of the previous
studies included post-OGD observation periods as long as
72 h and therefore one can only speculate if the concentra-
tion of MK-801 required for protection would have increased
as a function of time as seen in the present study.

A previous analysis in organotypical hippocampal slice
cultures reported an immediate down-regulation of mRNA
levels of all NMDAR subunits after OGD, with partial
recovery after 3 h. This contrasts with the present results. It
is important to take into consideration that Dos-Anjos et al.
(2009) prolonged the OGD to 30 min in order to obtain an
immediate and non-CA1 specific cell death, whereas we
limited OGD to ∼15 min to ensure a delayed and CA1-
specific cell death. Hence, the two studies are not directly
comparable.

Fig. 7 mRNA levels for NR1, NR2A and NR2B are not changed
after oxygen and glucose deprivation (OGD). mRNA isolated from
organotypical slice cultures subjected to OGD or only to aCSF
(noOGD) analyzed with real-time PCR TaqMan. The graphs represent
results from one experiment in three individual runs. NMDA receptor
Ct-values are standardized to GAPDH control assay. The OGD groups
are standardized to the NO OGD control at respective time-points. a
Relative mRNA levels of NR1 after 1, 3, 4 and 24 h after OGD (time
post-treatment). b As in (a) but relative mRNA levels of the NR2A
subunit. c as in (a) but relative mRNA levels of the NR2B subunit.
For each data point, n=4–5 animals (4–5 slices pooled together per
group). Data are presented as mean and standard error of mean
(±SEM)
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In conclusion, while NMDARs contribute to OGD-
induced cell death in organotypical slice cultures, additional
mechanisms are also at play. We believe that the signifi-
cance of these additional mechanisms increases at long
observation times and that this must be compensated for by
a more complete blockade of NMDA receptors. Reflecting
on the multiplicity of mechanisms involved, the immediate
cell death response seen after NMDA application differs
from the delayed response seen after OGD. L-type voltage
gated Ca2+ channels (L-VGCCs) may contribute to delayed
damage (Brewer et al. 2007). Furthermore, TRPM7–a member
of the transient receptor potential family–is involved in anoxic
cell death (Aarts et al. 2003) and in delayed ischemic cell death
(Sun et al. 2009). Also acid sensing calcium channels
(ASCC1) that are activated via NMDARs (Gao et al. 2005)
and purinergic receptors (P2X) (Runden-Pran et al. 2005) are
candidates worth considering. Both are activated by parame-
ters, respectively pH and ATP production, which are affected
during stimulated ischemia in vivo (Nedergaard et al. 1991;
Silver and Erecinska 1992). Common to activation of all these
receptors and channels, as well as NMDARs, is contribution to
an increased intracellular level of Ca2+, which can trigger a
range of downstream neurotoxic cascades, including mito-
chondrial uncoupling and activation of calpains, proteases,
protein kinases and endonucleases (Szydlowska and Tymianski
2010). Besides the intracellular level of Ca2+, the route of Ca2+

entry (from extra- or intracellular stores) determines the
subsequent toxicity (Sattler et al. 2000; Szydlowska and
Tymianski 2010). Some routes, as NMDARs, are clearly
associated with Ca2+-dependent cell death signaling, while
other routes of entry do not elicit cell death. Mitochondrial
dysfunction due to Ca2+-influx via overstimulated gluta-
mate receptors and Ca2+ overload is an early event in
excitotoxic cell death and can be coupled to ROS formation
and release of apoptotic factors (Szydlowska and Tymianski
2010). Oxidative stress and ROS can induce damage to
DNA and other macromolecules. We have shown previ-
ously in this model that there is a reduced capacity for base
excision repair of oxidative DNA damage in the vulnerable
CA1 (Rolseth et al. 2008).

Our results validate the use of organotypical hippocam-
pal slice cultures as an ex vivo model to investigate brain
ischemia based on expression, functionality and stability of
the NMDAR subunits.
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