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Abstract

The excitotoxicity cascade associated with energetic failure during and after cerebral ischemia involves the overactivation of glutamate
receptors and intracellular calcium loading. We searched for synergistic neuroprotective effects of various drugs designed to prevent
intracellular calcium influx in a model of oxygen-glucose deprivation (OGD) in cerebellar granule cells primary cultures. (5S,10R)-(-)-5-
Methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine hydrogen maleate (MK-801), D,L-2-Amino-3-phosphonopropionic acid (AP-3),
6-Cyano-7-nitroquinoxaline-2,3-dione disodium salt (CNQX) and Nifedipine were tested alone or in combinations. Treatments were applied
during a two-hour OGD exposure and cellular outcome was assessed throughout 20-hour reoxygenation by the measurement of Propidium
lodide (PI) fluorescence. All treatments were able to prevent neuronal damage. OGD resulted in a mortality of 36.3+2.3% and 61.3+3.1%
after 10 and 20 hours of reoxygenation, respectively. The most effective single treatment was AP-3 (3.311.4%; 17.9+2.6% mortality after 10
and 20 hours), followed in order by Nifedipine (7.2+1.6%; 20.1+3.0%), CNQX (8.5+2.5%; 20.0£3.5%), and MK-801 (14.942.6%; 39.3+6.4%).
The combination of AP-3 with MK-801 showed a moderate synergistic effect (11.8+2.0% mortality at 20 hours), while the combinations of
CNQX with Nifedipine and CNQX with MK-801, as well as the triple mix CNQX, Nifedipine and MK-801 failed to show a further improvement in
the reduction of cellular death. In conclusion, targeting two mechanisms of cellular demise (ionotropic receptors and metabotropic glutamate
receptors) provided an advantage against several unimodal strategies (blocking calcium entry through ionotropic glutamate receptors and
L-type calcium channels). Our results suggest that a multimodal combinatorial treatment strategy in cerebral ischemia may increase
neuroprotective efficacy and call for further research.
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=& Introduction

The abrupt reduction in the supply of oxygen and
glucose in cerebral ischemia leads to a cascade of cellular
events, resulting in severe neuronal damage [1]. During
the reperfusion period, the injury progresses and neurons
are suffering a delayed death through apoptotic and
necrotic pathways [2—4]. Mechanisms of cellular injury
and death during and after an ischemic episode involve
overactivation of glutamate receptors, energetic failure
with the alteration of ionic transmembrane gradients,
calcium loading and oxidative stress [2, 5, 6].

A crucial event involved in the initiation and
progression of the ischemic injury is the release of the
glutamate into the extracellular medium. Glutamate
binds to specific metabotropic and ionotropic receptors,
consequently promoting excitotoxic cell damage. The
involvement of excitotoxicity in ischemic injury is
sustained by the observation that antagonists of glutamate
receptors can reduce neuronal death in various in vivo
and in vitro models of cerebral ischemia [2, 7]. A key
mechanism orchestrating this process is cellular calcium
loading. The role of calcium in excitotoxicity has been
confirmed by the finding that the extent of excitotoxic
cell death correlates with the total calcium uptake and is
independent of the route of entry [8, 9]. A variety of

calcium dependent hydrolytic enzymes, including lipases
and proteases, have been shown to be involved in
excitotoxic neuronal damage [2].

All these pathways have been targeted for therapeutic
intervention. Accordingly, antagonists of glutamate
receptors and antagonists of calcium channels have been
developed. Considering the multiple pathways of cellular
calcium entry, it is feasible to hypothesize that a more
potent therapeutic intervention should involve a mixture
of neuroprotective drugs designed to prevent excitotoxicity
and intracellular calcium influx.

In this study, we analyzed the individual neuropro-
tective effects of multiple pharmacologic agents capable
of blocking the calcium entry: (5S,10R)-(-)-5-Methyl-
10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine
hydrogen maleate (MK-801) for N-methyl-D-aspartate
(NMDA) ionotropic glutamate receptors, D,L-2-Amino-
3-phosphonopropionic acid (AP-3) for metabotropic
glutamate receptors (mGluRs), 6-Cyano-7-nitroquinoxa-
line-2,3-dione disodium salt (CNQX) for a-Amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptor
(AMPA) ionotropic glutamate receptors and Nifedipine
for L-type voltage-gated calcium channels. Also, we
searched for a synergistic effect of these drugs by comb-
ining calcium entry blockers and blockers of mGluRs.
For this purpose, we used cerebellar granule neuronal

ISSN (print) 1220-0522

ISSN (on-line) 2066—8279



812

Ana-Maria Zagrean et al.

cultures known to provide a homogenous population of
glutamatergic neurons exhibiting different levels of cellular
injury consecutive to various excitotoxic insults [3, 10]
and exposed them to a two hours episode of oxygen-
glucose deprivation (OGD) followed by reoxygenation.

= Materials and Methods
Primary cerebellar granule cell culture

Primary cultures of cerebellar granule neurons were
obtained from P5-P6 rat pups as described in [11]. Briefly,
cerebella collected after cervical dislocation, were
dissected free of meninges, diced and incubated in the
presence of Papain (7 U/mL) and DNase (500 U/mL).
Neurons were plated onto poly-D-Lysine (25 pg/mL)
coated 96-black, clear bottom well plates (Greiner) at a
density of 0.2x10° cells/well and maintained in culture
medium containing 25 mM KCl, supplemented with 2 mM
L-Glutamine, 32 mM Glucose and 10% heat-inactivated
horse serum in a 5% CO, humidified atmosphere at 37°C.
Cytosine arabinoside (10 pM) was added 36 hours after
plating. The cultures were provided with feeding medium
after five days in vitro (DIV). Cells were used in
experiments after maturation, at 7-8 DIVs. All animal
procedures were carried out with the approval of the local
ethics committee for animal research, “Carol Davila”
University of Medicine and Pharmacy, Bucharest, Romania
and in accordance with the European Union Council
Directive of 24 November 1986 (No. 86/609/EEC).
Morphology and cell maturation were microscopically
assessed in phase-contrast microscopy on a Zeiss
Axiovert 25 inverted microscope at 400% magnification
during the cultures’ growth period.

Oxygen-glucose deprivation (OGD) and re-
oxygenation

OGD was obtained as described before [12]. Briefly,
culture medium was replaced with a Glucose-free and
serum-free experimental medium (EM-G) containing
(mM): 120 NaCl, 25 KCI, 0.62 MgSO,, 1.8 CaCl,, 10
HEPES (adjusted to pH 7.4 with NaOH, at 37°C). To
reach hypoxic conditions, EM-G was deoxygenated with
100% N, for 10 minutes and then quickly added onto
the cultures. Culture plates from the OGD group were
placed into a Billups—Rothenberg modular incubator
chamber (Del Mar, San Diego, CA, U.S.A.) and flushed
for 10 minutes with 100% N,, then sealed and kept at
37°C, in a humidified hypoxic atmosphere. After two
hours, OGD exposure was stopped by returning the cultures
in EM with glucose (11.1 mM) (EM+G) in atmospheric
conditions at 37°C and cell viability was assessed for the
next 20 hours. Control cultures were incubated for two
hours in EM+G in normoxic conditions at 37°C (control
conditions) in a 5% CO, humidified atmosphere and
then assessed for cell viability over a time period of 20
hours. The wells containing unattached or dislocated
cultures were discarded from further assessment.

Experimental drugs

Experimental drugs were used at the following
concentrations: MK-801 1 uM, AP-3 1 uM, Nifedipine
1 uM and CNQX 10 pM. MK-801 and Nifedipine were

dissolved in Dimethyl Sulfoxide, while CNQX and AP-3
were dissolved in distilled water, as indicated by the
manufacturer. All treatments were added in EM-G during
OGD exposure and AP-3 was additionally added directly
in the well culture medium 20 minutes before OGD
exposure, at the indicated concentration [13]. All drugs
were removed at the end of OGD by replacing EM-G
with fresh EM+G (effective dilution >1:10000). All
reagents were purchased from Sigma-Aldrich.

Assessment of cell viability

Propidium Iodide (PI) staining is based on dye
exclusion, allowing both microscopic inspections of dead
cells nuclei and high-throughput fluorimetric measurements
with a multiplate reader. A DTX880 Multimode Detector
(Beckman Coulter) set to fluorescent mode with an
excitation wavelength of 535 nm and an emission wave-
length of 625 nm was used. The initial level of PI fluores-
cence (0 hours of reoxygenation) was read immediately
post OGD, after adding PI (50 pg/mL in experimental
medium) to the cell cultures. Afterwards, dynamic PI
measurements were done every 15 minutes, for 20 hours
of reoxygenation. At the end of the reoxygenation period,
the PI solution was exchanged with pure ethanol in
order to induce maximal cell death and PI fluorescence
corresponding to 100% mortality was read.

Statistical analysis

For each exposure, the experiments were performed
at least three times on independent cultures, with multiple
wells for each condition (#>9). Numerical values in text
or graphics indicate average+SEM. Statistical significance
between treatments was calculated using repeated
measures ANOVA followed by post-hoc Bonferroni
correction. A value of p<0.05 was considered statistically
significant.

=& Results

We comparatively analyzed the effects of single and
combined treatment with MK-801, CNQX, AP-3 and
Nifedipine on the extent of acute and delayed neuronal
cell injury secondary to two-hour OGD, assessed by a
20 hour-dynamic measurement of cellular death using
PI fluorometry.

At the end of reoxygenation period, cerebellar granule
neuron cultures were examined in phase-contrast
microscopy to evaluate their morphologic integrity
(Figure 1). The neuronal morphology in cultures subjected
to two-hour OGD followed by reoxygenation, confirmed
the severity of exposure and contrasted with the neuronal
morphology in control and treated cultures, by displaying
cytoplasmic swelling, loss of phase-bright contours, loss
of intercellular connections and membrane integrity.

Acute cell death assessed by PI within one hour after
OGD was less than 2% in all cultures, indicating a mild
immediate effect of OGD on cell membrane integrity.
Further PI fluorescence readings showed the progression
of neuronal cell death triggered by OGD and reoxygenation
and allowed evaluation of different treatment effects
during early (0—10 hours) and late (10-20 hours) re-
oxygenation period (Figure 2).
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Figure 1 — Cerebellar granular cell culture microphotographs in phase-contrast taken with a 40% objective (scale bar
= 10 um) after two hours of exposure to Control or OGD, without treatment (2h OGD) or in the presence of various
pharmacological treatments: MK-801 (1 uM), CNQX (10 uM) and Nifedipine (1 uM).
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Figure 2 — Cell death during 20 hours of reoxygenation after a two-hour oxygen-glucose deprivation (OGD) in
cerebellar granular cell cultures treated with singular or with combinations of the following compounds: MK-801
(1 uM), AP-3 (1 uM), Nifedipine (1 uM) and CNQX (10 uM). Cell death was assessed by Propidium lodide fluorescence.

Results are expressed as mean with S.E.M. bars.

Exposure to two-hour OGD and reoxygenation
resulted in a mortality of 36.3+2.3% after 10 hours and
of 61.3£3.1% after 20 hours of reoxygenation, while
control cultures showed a mortality of 4.3+1.1% after
10 hours and 21.5+2.5% after 20 hours of culture
maintenance in control conditions (p<0.001 for both
time points). In our experimental conditions, all single
treatments and co-treatments were able to prevent
to different degrees the excitotoxic neuronal damage

induced by two-hour OGD and reoxygenation (»<0.001)
(Figure 3).

Considering the mortality after 10 hours and 20 hours
of reoxygenation, the most effective single treatment
was AP-3 (3.3+1.4% and 17.9£2.6%), followed in order
by Nifedipine (7.2+1.6% and 20.1+3.0%), CNQX (8.5+
2.5%; 20.0£3.5%), and MK-801 (14.9+2.6%; 39.3+6.4%)).
AP-3 combined with MK-801 presented the highest neuro-
protective effect (less than 1% mortality at 10 hours and
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11.842.0% mortality at 20 hours), and was the only
combination to show a synergistic effect. The combination
CNQX and Nifedipine approached the neuroprotective
capacities showed by the triple mix: CNQX, Nifedipine
and MK-801 (6.5+2.5% vs. 9.8+1.4% mortality at 10 hours,
and 20.6+2.0% vs. 20.0£1.9% mortality at 20 hours),
while CNQX and MK-801 co-treatment was less effective
(10.743.5% mortality after 10 hours and 27.0+3.6%
mortality after 20 hours of reoxygenation). All treatments
except MK-801 and CNQX and MK-801 co-treatment,
significantly extended their protection over the late re-
oxygenation period, displaying an equal or lower mortality
than control cultures.
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Figure 3 — Cell death assessment by Propidium lodide
fluorescence at 10 hours and 20 hours of reoxyge-
nation after two-hour oxygen-glucose deprivation in
cerebellar granular cell cultures treated with neuro-
protective agents alone or in combination: MK-801
(1 uM), AP-3 (1 uM), Nifedipine (1 uM) and CNQX
(10 uM). Results are expressed as mean with S.E.M.
bars.

= Discussion

During OGD, overstimulation of glutamate receptors
is associated with excitotoxic injury, mainly caused by
increased intracellular calcium [14]. The necrotic changes
associated with a hypoxic/hypoglycemic injury appear
as a direct consequence of excessive calcium influx and
exhibit source specificity, with an absolute requirement
for NMDA receptor activation [15]. In an in vitro model
of oxygen and glucose deprivation in cortical cell
cultures, NMDA blockers prevented at least 80% of the
calcium entry [16]. MK-801 is a potent and selective
non-competitive NMDA receptor antagonist that acts at
the NMDA receptor-operated ion channel as an open
channel blocker. As previously shown, MK-801 is able to
prevent cell death after glutamate exposure in cerebellar
granule cell cultures [17]. In our study, cell death induced
by two-hour OGD and 20 hours of reoxygenation (61.3+
3.1%) was significantly reduced by MK-801 treatment
(39.346.4%, p<0.001).

It was suggested that specific metabotropic receptor
subtypes could be involved in modulation of ionotropic
receptor-mediated excitotoxicity. The mGluR antagonist
AP-3 was the single most effective neuroprotective drug
in our study and-alse significantly showed a moderate
synergistic effect when combined with MK-801. This effect
may be due to the coupling of different mGIuR subtypes

to different signal transduction pathways. Group I mGluRs
comprise the subtypes mGluR1 and mGluRS, which couple
to phospholipid hydrolysis through phospholipase C. This
coupling results in the activation of protein kinase C and
Ca*" release from IP3-sensitive Ca®" stores [18]. Bruno
et al. [19] demonstrated that activation of mGluR1
receptors by application of selective receptor ligands
amplifies NMDA-mediated excitotoxicity. In the same
context, application of group I mGluRs antagonists
attenuate excitotoxic neuronal death in cortical cultures
[20]. Group II receptors comprise the subtypes mGluR2
and mGluR3 that are negatively coupled to the adenylate
cyclase pathway. Pharmacological studies using selective
agonists indicate that group II receptor activation results
in protection against NMDA-mediated excitotoxicity [21].
As previously demonstrated, cerebellar granule neurons
express in large quantities a unique mGlIuR that is coupled
to polyphosphoinositide hydrolysis and is similar to
mGlIuR1 [13] and lower levels of mGluR2/3 subtypes
[22]. The high neuroprotective effectiveness provided
by AP-3 in our model of cell injury correlates with the
available literature data. mGluR1 was shown to facilitate
the Ca®" currents in cerebellar granule cells by coupling
with N- and L-type Ca*" channels [23]. Depending on
their age, cerebellar granule neurons display a number
of different voltage-dependent Ca®" channels [24]. About
25% of the calcium current in rat cerebellar granular
cultures is carried by L-type Ca”" channels. In our model
of reperfusion injury, the L-type Ca®" channel blocker
Nifedipine used as a single treatment during OGD showed
a superior neuroprotective efficacy when compared to
MK-801. This finding can be explained partially by the
fact that Nifedipine also possesses antioxidant proprieties,
independent of its Ca*" channel blocker activity [25].
Nifedipine, when added to the competitive AMPA
glutamate receptor antagonist CNQX did not show
significantly improved neuroprotective effectiveness
when compared to Nifedipine or CNQX used as single
treatments. Adding MK-801 to the previous combination
did not improve the cellular viability after 20 hours of
reoxygenation, a result suggesting a ceiling effect when
combining multiple strategies to block calcium entry.

AMPA receptors control a cation channel that is
permeable to Na" and K' ions. Certain AMPA receptor
subtypes can exhibit substantial Ca®" permeability and
thereby contribute to the Ca®" dependent form of excito-
toxic cell damage. Ca*" permeable channels are formed
from the receptor subunits GluR1 or GluR3, whereas
assembly with GIuR2 results in only poor Ca*" permea-
bility [26]. It was previously proposed that AMPA
receptors may not only allow Ca”" influx from the extra-
cellular space, but may also significantly influence its
release from intra-axonal Ca®" stores [27]. In addition,
the activation of AMPA receptors was shown to inhibit
a delayed rectifier K conductance [28].

In our study, CNQX was more potent than MK-801
(20.0£3.5% vs. 39.3+£6.4% cell death at 20 hours reoxy-
genation, p<0.001). When used in combination, MK-801
and CNQX were significantly less active when compared
to CNXQ alone (27.0+£3.6% vs. 20.0+3.5% after 20 hours
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reoxygenation), but more potent in comparison with MK-
801 alone. These results are consistent with previous
reports [29] and suggest that the mechanisms correlated
with AMPA activation are likely to produce more injury
after OGD. The NMDA receptor differs fundamentally
from the AMPA/kainate receptors in several ways. The
NMDA receptor’s pore is significantly more permeable
to Ca®', but also to K" and Na'. It also desensitizes much
more slowly compared to AMPA receptors. At the resting
membrane potential NMDA channel is blocked by Mg**
and a depolarization of the plasma membrane is required
to relieve the block.

Intracellular conditions that exist at the beginning
of reperfusion, such as low pH and high intracellular
calcium, can promote the generation of reactive oxygen
species by mitochondria. Thus, reperfusion can further
aggravate the OGD-induced injury. It was suggested that
initial entry of Ca*" via glutamate receptors is followed
by calcium accumulation into mitochondria and subsequent
increased reactive oxygen species production that triggers
a secondary irreversible Ca®" entry. Scorziello et al. [30]
demonstrated that nNOS activation by intracellular Ca**
increase during a two-hour OGD exposure triggers
cerebellar granule cells death in reoxygenation. This
corresponds to our findings that the treatments we used
to lower the intracellular Ca®" extended their protection
over the late reoxygenation period.

= Conclusions

Our study suggests that combinations of neuro-
protective drugs acting through different pathways are
more effective when compared to single treatments or
combination of treatments acting on one pathway after
in vitro oxygen and glucose deprivation followed by re-
oxygenation. The efficacy of the neuroprotective treatment
was better shown during the initial 10 hours of re-
oxygenation, and was extended over the late reoxygenation
period. Further studies are necessary to establish the
potential in vivo implications of these findings.
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