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Abstract:

The majority of studies on neuroprotection tested potentially protective compounds given before, simultaneously or shortly after
damage. Such procedures are greatly different from the situation faced in clinical practice. In the present study, we tried to find out
whether two compounds, a selective mGluR5 antagonist 3-[(2-methyl-1, 3-thiazol-4-yl) ethynyl]-pyridine (MTEP) and neuro-
peptide Y (NPY) elicit neuroprotective action against excitotoxic damage in the mouse neocortical and hippocampal neuronal
cultures after delayed treatment. In order to evoke toxic effects, primary cultures were exposed to 150 µM kainic acid (KA) for 24 h
(hippocampus) or for 48 h (neocortex). MTEP (1, 10 and 100 µM), or NPY (0.5 µM and 1 µM) were applied 30 min before, or
30 min, 1 h, 3 h or 6 h after KA. Kainate neurotoxicity was measured by lactate dehydrogenase (LDH) efflux from the damaged cells
into the culture media. The results of our studies showed that MTEP or NPY treatment attenuated the kainate-induced LDH release in
mouse neocortical and hippocampal cultures. The effect was observed when the compounds were added not only before, but also 30
min to 6 h after KA. Moreover, both MTEP and NPY displayed antiapoptotic activity as they prevented the KA-induced increase in
the expression of caspase-3 activity in the cultures under study. Summing up, our data showed that MTEP and NPY were
neuroprotective in wide time schedule. The effectiveness of late treatment with these compounds opens a new perspective for their
potential therapeutic use.
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Introduction

Numerous studies have indicated that overactivation
of glutamatergic transmission may lead to excitotoxic
cell death [19, 36, 69, 70, 93]. Glutamate excitotoxic-

ity has been implicated in a variety of neurodegenera-
tive diseases (e.g. epilepsy, ischemia, Alzheimer’s
disease) [2, 20, 78]. Excitotoxicity involves excessive
stimulation of ionotropic glutamate receptors
(iGluRs), including N-methyl-D-asparate (NMDA),
�-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid (AMPA), and kainic acid (KA) receptors, which
leads to neuronal cell death by increasing intracellular
Ca2+ and Na+ levels, thereby drastically changing nor-
mal cellular physiology [17, 18]. It is generally as-
sumed that an inhibition of the toxic glutamatergic
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hyperactivity may afford neuroprotection. A number
of NMDA or AMPA receptor antagonists have been
tested for neuroprotective potential in animal experi-
ments and clinical trials [1, 41, 60]. Although animal
studies have demonstrated neuroprotective effects of
the inhibition of ionotropic glutamate receptors fol-
lowing central nervous system injury, the results of
clinical trials have been unsuccessful due to severe
side-effects, such as ataxia, sedation, psychotic effects
and memory loss [27, 42, 56, 63]. Hence, an indirect
modulation of the glutamatergic transmission seemed
to be a more promising strategy of neuroprotection.
The suppression of neuronal glutamate release may be
one of the methods of such inhibitory modulation.
Secondary glutamate release in the neurodegeneration
has been postulated to play a substantial role in en-
largement of lesion volume around a primary region,
occurring within hours after the damage [97]. Protec-
tion against the secondary spread of the lesion seems
to be very important but so far, in the majority of stud-
ies on neuroprotection, potentially protective com-
pounds were tested before, simultaneously or shortly
after damage. Such procedures are greatly different
from the situation faced in clinical practice. There-
fore, we tried to test the possibility of neuroprotection
applied some hours after primary neurotoxic damage.

Kainic acid administration is a good model of exci-
totoxicity in which the secondary release of endoge-
nous glutamate plays a significant role [26, 33, 59].
We used the kainate model to investigate whether two
potentially neuroprotective compounds, which may
attenuate glutamatergic transmission, have neuropro-
tective action in the late-treatment paradigm. We used
two different substances, one was a metabotropic glu-
tamate receptor (mGluR) ligand, 3-[(2-methyl-1, 3-
thiazol-4-yl) ethynyl]-pyridine (MTEP), and the sec-
ond was neuropeptide Y (NPY).

Recent evidence suggests that mGluRs can modu-
late glutamatergic transmission and appear to play an
important role in the regulation of both necrotic and
apoptotic cell death, hence, these receptors have been
regarded as potential targets for neuroprotective drugs
[65]. Experimental studies have shown that pharma-
cological activation of group II and III mGluRs may
be neuroprotective [10, 12, 13, 37]. However, the role
of group I mGluRs in neuroprotection still remains
controversial [35, 66]. Metabotropic GluR5 together
with mGluR1 belong to group I receptors, which is
known to stimulate phospholipase C leading to phos-
phoinositide hydrolysis and intracellular Ca2+ mobili-

zation [71]. Some evidence indicates that the stimula-
tion of group I receptors potentiates neuronal excita-
tion [4, 11, 72]; hence, the pharmacological blockade
of these receptors is expected to produce neuroprotec-
tive effects. Numerous studies have shown that treat-
ment with mGluR1 and mGluR5 antagonists elicits
neuroprotective effects in different models of neuro-
degeneration [7, 14, 15, 31, 54, 58, 74, 76]. On the
other hand, some evidence suggests that the inhibition
of mGluR5 by selective antagonists (e.g. MPEP) does
not provide neuroprotection, except for high concen-
trations that can also block NMDA receptors [61, 68].
Moreover, mGluR5 activation seems to be neuropro-
tective in some models [3, 62]. Recently MTEP, a new
noncompetitive mGluR5 antagonist, has been synthe-
sized. MTEP has been found to have greater selectiv-
ity at mGluR5 than other antagonists [24]. The in vivo

and in vitro characterization of MTEP indicates that
the drug is highly selective for mGluR5 [5, 6, 24]. It
neither has any effect on other mGluR subtypes nor
does it influence NMDA, AMPA or kainate receptors
[25, 55, 89]. It was found that mGluR5 agonists and
antagonists modulated (increased or decreased, re-
spectively) glutamate release [32, 67, 90, 94]. As
mentioned above, the secondary glutamate release
may be important in degeneration spread with time
lapse. Therefore, the present study is aimed at deter-
mining whether MTEP, a novel, highly selective
mGluR5 antagonist has neuroprotective action when
given 30 min to 6 h after KA-induced toxicity. Up till
now, no studies have been performed concerning the
possibility of its neuroprotective activity after delayed
administration.

Excitatory glutamatergic transmission may be in-
hibited not only by mGluR ligands via metabotropic
glutamate receptors, but also by neuropeptides. NPY
is a very important neuropeptide exhibiting such
properties. NPY is a 36-amino acid neurotransmitter,
widely distributed in the mammalian brain [30, 39]. In
the hippocampal formation, NPY is present mainly in
interneurons, and modulates (mainly inhibits) the re-
lease of glutamate [21, 40, 75, 83]. Several lines of
evidence have shown that the inhibition of glutamate
release by NPY leads to attenuation of epileptiform
activity in the hippocampal formation [8, 23, 49, 50,
86, 91, 98, 99]. Another evidence has also shown that
NPY has neuroprotective action against excitotoxicity
in rat hippocampal slice cultures [85, 87], and against
excitotoxicity in the mouse hippocampus [100]. The
latter authors showed that NPY inhibited KA-induced
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apoptosis in the mouse hippocampus given as late as
8 h after the KA. Moreover, our earlier in vivo studies
indicated that NPY attenuated the excitotoxicity in-
duced by KA in the rat hippocampus [92], when given
not only before but also 30 min after KA-induced tox-
icity. This suggested that NPY might be a good candi-
date for studying the possibility of delayed neuropro-
tection.

Therefore, in the present study, we used kainate as
a model of neuronal cell death in primary neocortical
and hippocampal cultures. We determined whether
two different substances, MTEP and NPY, had neuro-
protective properties in that model. We assessed the
effectiveness of MTEP and NPY in protecting neu-
rons against KA, even if these compounds were ap-
plied not only before but also 30 min, 1 h, 3 h, and 6 h
after the toxic insult. In order to verify, if the MTEP
and NPY have neuroprotective action, we measured
lactate dehydrogenase (LDH)-release, which is an in-
dicator of cell death, without discrimination between
necrosis and apoptosis. Additionally, for examination
if neuroprotective properties of these compounds may
be connected with the inhibition of apoptosis, we
measured activity of caspase-3, which is directly re-
lated to apoptosis.

Materials and Methods

Primary cultures of neocortical and hippocampal

neurons

The experiments were performed on primary cultures
of mouse neocortical and hippocampal neurons. Neu-
ronal tissues were taken from Swiss mouse embryos
at 15/16 (neocortical) and 17/18 (hippocampal) days
of gestation and were cultivated essentially as de-
scribed previously [9, 46]. Pregnant females were
anesthetized with CO2 vapor, killed by cervical dislo-
cation, and subjected to Cesarean section in order to
remove fetal brains. Animal care followed official
governmental guidelines, and all efforts were made to
minimize the number of animals used and their suffer-
ing. The dissected neocortical and hippocampal tis-
sues were minced separately into small pieces, then
gently digested with trypsin (0.1% for 15 min at room
temperature RT; Sigma, USA), triturated in the pres-
ence of 10% fetal calf serum (Gibco, USA) and
DNAse I (170 Kunitz units per ml, Sigma, USA) and

finally centrifuged for 5 min at 1000 × g. The cells
were then suspended in phenol red-free Neurobasal
medium (Gibco, USA) supplemented with 5% fetal
calf serum and plated at a density of 1.5 × 105 cells
per cm2 onto poly-ornithine (0.01 mg per ml, Sigma,
USA)-coated multi-well plates (TPP). After two days,
the culture medium was exchanged to neurobasal me-
dium supplemented with B27 (200 µl/100 ml; Gibco,
USA). This procedure typically yields cultures that
contain > 90% neurons and < 10% supporting cells.
The cultures were maintained at 37°C in a humidified
atmosphere containing 5% CO2 and were cultivated for
8 days prior to experimentation.

Treatment with drugs

In order to estimate toxic effects of kainate, primary
neuronal cultures were exposed to 150 µM kainic acid
(KA; Tocris, USA), dissolved in redistilled water, for
3 h, 6 h, 24 h and 48 h (neocortical cultures) and for
3 h, 6 h and 24 h (hippocampal cultures). Time-course
of kainate effect on caspase-3 activity and LDH re-
lease in primary neocortical and hippocampal cultures
was done. The dose of KA used in our studies was
choosen on the basis of our previous studies [43, 45]
and also on another authors [81, 82]. MTEP (3-[(2-
methyl-1,3-thiazol-4-yl)ethynyl]-pyridine; 1, 10 and
100 µM; Alexis, USA) and neuropeptide Y (NPY;
0,5 µM and 1 µM; Tocris, USA) were applied 30 min
before or 30 min, 1 h, 3 h or 6 h after kainate for 48 h
in neocortical cultures, and for 24 h in hippocampal
cultures. MTEP and NPY were dissolved in redistilled
water.

Measurement of lactate dehydrogenase (LDH)

activity

In order to quantify cell death, LDH released from
damaged cells into the cell culture media was meas-
ured 3 h, 6 h, 24 h and 48 h (neocortical cultures) and
3 h, 6 h and 24 h (hippocampal cultures) after treat-
ment with kainate. A colorimetric assay was applied,
according to which the amount of formazan salt,
formed after conversion of lactate to pyruvate and
then by reduction of tetrazolium salt, is proportional
to LDH activity in the sample. Cell-free culture super-
natants were collected from each well and incubated
with the appropriate reagent mixture according to the
supplier’s instructions (Cytotoxicity Detection Kit,
Roche, Switzerland) at RT for 60 min. The intensity
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of red color formed in the assay and measured at
a wavelength of 490 nm was proportional to LDH activ-
ity and to the number of damaged cells. Data were nor-
malized to the activity of LDH released from vehicle-
treated cells (100%) and expressed as a percent of the
control ± SEM established from n � 6 wells per one ex-
periment from 3 separate experiments.

Assessment of caspase-3 activity

The assay of caspase-3 activity was performed ac-
cording to Nicholson et al. [64] and Kajta et al. [47] in
samples treated for 3 h, 6 h, 24 h and 48 h (neocortical
cultures) or for 3 h, 6 h and 24 h (hippocampal cul-
tures) with the neurotoxic agent KA, alone or in com-
bination with MTEP or NPY (MTEP or NPY were ap-
plied 30 min after KA). Additionally, some cultures
were treated with staurosporine (0.5 µM; Sigma)
which is widely used as a reference apoptosis-
inducing compound. After replacing the media with
Caspase Assay Buffer (50 mM HEPES, pH 7.4,
100 mM NaCl, 0.1% CHAPS, 1 mM EDTA, 10%
glycerol, and 10 mM dithiothreitol), the cell lysates
(25 µg per sample) were incubated at 35°C with a col-
orimetric substrate preferentially cleaved by caspase-
3-Ac-DEVD-pNA (N-acetyl-asp-glu-val-asp p-nitro-
anilide; 40 µM, Sigma, USA). The amounts of
p-nitro-anilide were monitored continuously over
60 min with a plate reader (Multiscan, Labsystems).
Absorption was measured at 405 nm and only data
within the linear slope of the reaction curve provided
consistent measure of caspase-3 activity. To confirm
the correlation between signal detection and caspase
activity, we used Ac-DEVD-CHO (aldehyde sub-
strate; Molecular Probes) which is a specific
caspase-3 protease inhibitor. The data were normal-
ized to the absorbance in vehicle-treated cells and ex-
pressed as a percent of control ± SEM established
from n � 6 wells per one experiment from 2 separate
experiments. Absorbance of blanks, determined as
no-enzyme control, has been subtracted from each
value.

Data analysis

Data after normalization as a percentage of control
± SEM were analyzed using GraphPad Prism 4.0 soft-
ware. One-way analysis of variance (ANOVA) was
used to determine overall significance. Differences
between control and experimental groups were as-

sessed with post-hoc Tukey test, with the significant
differences marked in the following way: * p < 0.05,
** p < 0.01, *** p < 0.001 (versus control cultures) and
# p < 0.05, ## p < 0.01, and ### p < 0.001 (vs. kainate-
treated cultures).

Results

Time-course studies of kainate-induced cas-

pase-3 activation and LDH release

As shown in Figure 1 (upper panel) kainic acid
(150 µM) increased caspase-3 activity in neocortical
and hippocampal cultures. Data showed that the high-
est caspase-3 activation in response to KA was found
after 6 h in both investigated tissues. The effect on
caspase-3 was much weaker 24 h after KA treatment,
and no significant effects were found after 3 h and
48 h. Kainic acid also induced LDH release (Fig. 1,
lower panel). Analysis of various time-points after
KA application (3 h, 6 h, 24 h and 48 h) indicated that
LDH release increased gradually from the control
level after 3 h to the high increase after 48 h in corti-
cal cultures (186%) or after 24 h in hippocampal cul-
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Fig. 1. Time-course effects of kainic acid (KA; 150 µM) on caspase-3
activity (upper panel) and LDH release (lower panel) in primary cul-
tures of mouse neocortical (left panel) and hippocampal neurons
(right panel) on day 8 in vitro (DIV). Cells were treated with kainate for
3, 6, 24 and 48 h. Each bar represents the mean ± SEM values.
* p < 0.05, ** p < 0.01 and *** p < 0.001 versus control cultures, as
shown by ANOVA followed by the Tukey test



tures (237%). Therefore, for further experiments, as
the best time point, we chose 6 h after KA treatment for
caspase activity assay, and 48 h in cortical or 24 h in hip-
pocampal cultures for the LDH release measurements.

Effects of MTEP on the kainate-induced LDH

release in neocortical and hippocampal primary

neuronal cultures

Application of the mGluR5 antagonist MTEP attenu-
ated the kainate-induced LDH release in both neocor-
tical (Fig. 2) and hippocampal cultures (Fig. 3). It was
found that in neocortical cultures MTEP applied

30 min before the KA significantly inhibited LDH re-
lease at concentrations of 1 µM (23%), 10 µM (32%)
and 100 µM (45% inhibition) (Fig. 2a). Similar ef-
fects were observed when MTEP was applied after
KA. It significantly attenuated the KA-induced LDH
release at all investigated doses when given 30 min
after KA (22–56% inhibition) (Fig. 2b) and 1 h after
KA (15–39% inhibition) (Fig. 2c). When MTEP was
given 3 h and 6 h after kainic acid, significant neuro-
protection was found only at the concentration of
100 µM (31–30% inhibition) (Fig. 2d and Fig. 2e). In
hippocampal cultures, MTEP administered 30 min be-
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Fig. 2. The effects of the mGluR5 antagonist MTEP (1, 10 and 100
µM) on the kainate (KA; 150 µM)-induced LDH release in primary cul-
tures of mouse neocortical neurons. MTEP was added to the cultures
30 min before (a) or 30 min (b), 1 h (c), 3 h (d) or 6 h (e) after KA ad-
ministration. LDH release was measured 48 h after KA-treatment.
Each bar represents the mean of n � 6 platings ± SEM from 3 sepa-
rate experiments. *** p < 0.001 versus control cultures, and �p < 0.05,
�� p < 0.01, ��� p < 0.001 versus the cultures exposed to KA, as
shown by ANOVA followed by the Tukey test
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Fig. 3. The effects of the mGluR5 antagonist MTEP (1, 10 and
100 µM) on the kainate (KA; 150 µM)-induced LDH release in primary
cultures of mouse hippocampal neurons. LDH release was meas-
ured 24 h after the treatment. For other explanations see Fig. 2. Each
bar represents the mean of n � 6 platings ± SEM from 3 separate ex-
periments. *** p < 0.001 versus control cultures, and � p < 0.05,
�� p < 0.01, ��� p < 0.001 versus the cultures exposed to KA, as
shown by ANOVA followed by the Tukey test



fore KA, caused a significant diminution of LDH re-
lease at concentrations of 1 µM (43%), 10 µM (70%)
and 100 µM (91% inhibition) (Fig. 3a). Strong neuro-
protective effects were also observed after all concen-
trations when MTEP was applied 30 min after KA
(46%, 55% and 76% inhibition, respectively to con-
centrations) (Fig. 3b). A little weaker but still signifi-
cant attenuating effect of MTEP at all tested concen-
trations was also observed 1 h after KA (a decrease by
15%, 19% and 39% respectively to concentrations) (Fig.
3c) and 3 h after KA (a decrease by 18%, 15% and 31%)
(Fig. 3d). MTEP given 6 h after KA caused significant

neuroprotection (30% inhibition of LDH release) only
at the concentration of 100 µM (Fig. 3e). MTEP
(1–100 µM) given alone had no effect on LDH release
in both investigated cell cultures (data not shown).

Effects of NPY on the kainate-induced LDH

release in neocortical and hippocampal primary

neuronal cultures

Application of NPY significantly attenuated the KA-
evoked LDH release in both neocortical (Fig. 4) and
hippocampal cultures (Fig. 5). In neocortical cultures,
NPY applied 30 min before kainate at concentrations
of 0.5 µM and 1 µM caused a significant decrease in
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Fig. 4. The effects of NPY (0.5 and 1 µM) on the kainate (KA;
150 µM)-induced LDH release in primary cultures of mouse neocorti-
cal neurons. NPY was added to cultures 30 min before (a), or 30 min
(b), 1 h (c), 3 h (d) or 6 h (e) after KA administration. LDH release was
measured 48 h after the KA-treatment. Each bar represents the mean
of n � 6 platings ± SEM from 3 separate experiments. ***p < 0.001
versus control cultures, and �� p < 0.01, ��� p < 0.001 versus the cul-
tures exposed to KA, as shown by ANOVA followed by the Tukey test
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Fig. 5. The effects of NPY (0.5 and 1 µM) on the kainate (KA;
150 µM)-induced LDH release in primary cultures of mouse hippo-
campal neurons. LDH release was measured 24 h after the KA-
treatment. For other explanations see Fig. 4. Each bar represents the
mean of n � 6 platings ± SEM from 3 separate experiments.
*** p < 0.001 versus control cultures, and � p < 0.05, �� p < 0.01,
��� p < 0.001 versus the cultures exposed to KA, as shown by ANOVA
followed by the Tukey test



LDH release (39–40% inhibition) (Fig. 4a). Potent
neuroprotective effects of NPY were observed when
the peptide was given not only before, but also after
KA. It was found that NPY at all doses significantly
decreased the KA-induced LDH release when given
30 min after KA (30–31% inhibition) (Fig. 4b), 1 h af-
ter KA (27% inhibition) (Fig. 4c), 3 h after KA (about
33–35% inhibition) (Fig. 4d), and also 6 h after KA
(20–26% inhibition) (Fig. 4e). In hippocampal cul-
tures, the attenuating effects of NPY on kainate-
induced LDH release were stronger than in the neo-
cortex. It was found that NPY applied 30 min before
kainate caused significant neuroprotection at all con-
centrations tested (a decrease in LDH by 51–50%)
(Fig. 5a). When NPY was given 30 min after KA, it
attenuated the kainate-induced LDH release by
62–65% (Fig. 5b), and 1 h after KA, it reduced LDH
release by 68–75% (Fig. 5c). A significant neuropro-
tective effects of NPY at all the concentrations tested
were also observed when the peptide was applied 3 h
after KA (a decrease by 33–41%) (Fig. 5d). NPY ap-

plied 6 h after KA caused a significant neuroprotec-
tion only at a concentration of 1 µM (36% inhibition)
(Fig. 5e). NPY (0.5 and 1µM) given alone had no ef-
fect on LDH activity in both investigated cell cultures
(data not shown).

Effects of MTEP and NPY on the kainate-induced

caspase-3 activity in neocortical and hippo-

campal primary cultures

Caspase-3 activity was measured as a marker of apop-
tosis. As shown in Figure 1, caspase-3 activation was
observed already within a few hours after the injury.
The results showed that after 6-h incubation, KA (150
µM) induced a very significant increase in that apop-
totic marker in neocortical and hippocampal cultures.
It was also found that staurosporine (0.5 µM) the
known apoptosis-inducing factor, used by us as
a positive control, similarly enhanced caspase-3 activ-
ity in both investigated cell cultures. The present data
showed that the application of the mGluR5 antagonist
MTEP at all concentrations studied (1, 10 and
100 µM) given 30 min after the KA totally prevented
the increase in caspase-3 activity (down to the control
level) in both neocortical and hippocampal cultures
(Fig. 6, upper panel). NPY revealed similar antiapop-
totic properties (Fig. 6, lower panel). Both MTEP (1,
10 and 100 µM) and NPY (0.5 and 1 µM) given alone
had no effect on caspase-3 activity in all investigated
cell cultures (data not shown).

Discussion

Our present results indicate that both MTEP and NPY
have neuroprotective activity against KA-induced
toxicity in the used experimental paradigms. The neu-
roprotection was observed when the compounds were
administered even as late as 6 h after KA. We esti-
mated neurodegeneration and neuroprotection by
measurements of LDH activity released into the cul-
ture medium. This method has often been used for as-
saying the degree of cell death [31, 48, 51]. Therefore,
the significant increase in LDH activity after KA ad-
ministration was a proportional marker of neurode-
generation. On the other hand, the inhibition of that
increase after MTEP and NPY was a result of cell pro-
tection in the cultures.
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Fig. 6. The effects of MTEP (1, 10 and 100 µM) (upper panel) and
NPY (0.5 and 1 µM) (lower panel) on the kainate (KA; 150 µM)-
induced caspase-3 activity in primary cultures of mouse neocortical
(left panel) and hippocampal (right panel) neurons. On day 8 in vitro

(DIV) MTEP or NPY were added to cultures 30 min after KA admini-
stration. Caspase-3 activity was measured 6 h after the treatment.
Moreover, data show the effect of staurosporine (ST; 0.5 µM) on
caspase-3 activity (staurosporine as a positive control). Each bar
represents the mean of n � 6 platings ± SEM from 2 separate experi-
ments. ** p < 0.01, *** p < 0.001 versus control cultures, and
� p < 0.05, �� p < 0.01, ��� p < 0.001 versus the cultures exposed to
KA, as shown by ANOVA followed by the Tukey test



Our studies showed that mGluR5 antagonist MTEP
significantly decreased induction of LDH release by
KA in cortical and hippocampal neuronal cultures,
which indicates its neuroprotective effect. The con-
centrations used in our experiment were chosen on the
basis of our earlier pilot experiments as well as previ-
ous studies of some authors using mGluR5 antagonist
MPEP [15]. Earlier studies of other authors with
MTEP also indicated that this compound could inhibit
neurotoxic damage in primary cortical neuronal cul-
tures [54]. Moreover, the neuroprotective potential of
MTEP was found in the gerbil model of forebrain
ischemia, but in hypoxia-ischemia model in neonatal
rats, MTEP was not effective [58]. Studies by Lea et
al. [54], performed on neuronal cultures from rat and
mouse cortex, and concerning the neuroprotective ac-
tivity of two mGluR5 antagonists MPEP and MTEP,
given 20 min prior to the excitotoxins, NMDA or glu-
tamate, showed that MTEP exhibited a weak neuro-
protective activity only at the high concentrations of
200 µM in rats and 100 and 200 µM in mice. In our
experiment, where KA was used as an excitotoxin, we
observed a considerably stronger neuroprotective ef-
fect of MTEP. The effect was dose-dependent, but
even at the low concentration of 1 µM, the inhibition
of LDH release was very significant, namely it
amounted to 15–36% in neocortical cultures and
25–46% in hippocampal ones, in comparison with the
increase observed after KA. Such a discrepancy be-
tween Lea’s and our results may be due to the use of
different excitotoxins, different strains of mice and
different experimental schedules. There are also some
results which speak against the neuroprotective role
of mGluR5 inhibition since it was found that mGluR5
activation reduced the apoptotic cell death induced by
etoposide or staurosporine [3], moreover, mGluR5 an-
tagonist MTEP did not protect against etoposide-
induced cell death [54]. However, these results do not
seem to be in opposition to our results because the ef-
fects were studied in different models. In models us-
ing etoposide and staurosporine, the mechanism of
the cell death is based on a decrease in calcium ion
concentration [16], on the contrary, in the KA model,
the increase in Ca2+ concentration is the cause of the
cell death [18, 59, 96]. Numerous evidences indicate
that mGluR5 receptor activation may contribute to the
increase in cytosolic free Ca2+ through the formation
of inositol-1,4,5-triphosphate, thus, it may be a reason
of the protective effect of such agonist in the etopo-
side or staurosporine model. On the other hand,

mGluR5 antagonists are supposed to inhibit Ca2+ in-
crease (by counteracting mGluR5 activation) and this
may afford protection against KA (and excitatory
amino acids)-induced degeneration but not against de-
generations evoked by etoposide and staurosporine.

A new finding of our study is the observation that
MTEP may be neuroprotective given as late as 6 h af-
ter KA treatment, though the effect weakens with
time. The majority of previous studies demonstrated
potential neuroprotective effects of group I mGluR
antagonists administered before [54, 74], simultane-
ously [15] or shortly after a damage, ie. 15 min after
arterial occlusion [7] or 30 min after ibotenate-
induced damage in cortex of rats [77]. In few experi-
ments, where drugs were given in a wider time win-
dow, authors did not observe protection when the
compounds were applied several hours after an injury
[7, 31]. Our present results showed a significant neu-
roprotection after MTEP given at all time points stud-
ied. In cortical cultures treated with MTEP 30 min or
1 h after KA, a significant protection was demon-
strated after all concentrations of the drug (1, 10 and
100 µM), whereas after 3 and 6 h, the significant de-
crease in LDH release was observed after using the
highest concentration (100 µM). In hippocampal cul-
tures, MTEP was more effective and significant neu-
roprotection of its all concentrations was found until 3 h.
Again, when the treatment was delayed until 6 h, only
the highest concentration had significant effects. Better
neuroprotective effects of MTEP in hippocampal than in
cortical cultures may be attributed to high density of
mGlu5 receptors in this structure [80]. Moreover it was
found that group I mGluRs directly modulated the excit-
ability of hippocampal neurons [28, 38].

NPY was the other compound used in our experi-
ment. Our results indicate a strong neuroprotective ef-
fect of this peptide in both cortical and hippocampal
neuronal cultures. Concentrations of NPY were cho-
sen based on previous studies performed by us and
other authors [8, 50]. NPY at both concentrations used
in our studies, 0.5 and 1 µM, potently inhibited the
KA-induced LDH release. That effect was observed
when NPY was added 30 min before, as well as
30 min, 1, 3 or 6 h after KA. Like in the experiments
with MTEP, NPY treatment was very effective after
delayed application. In cortical cultures, NPY at either
dose given 6 h after KA induced a significant neuro-
protective effect. We hypothesize that good neuropro-
tective efficiency observed after late NPY treatment
may be accounted for by a considerably large contri-
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bution of secondary excitotoxic processes, induced by
glutamate release, to the final toxic KA effects. Our
results are in line with previous findings of Wu and Li
[100], performed in mice in vivo. They observed anti-
apoptotic action of NPY in the mouse hippocampus
against KA-induced apoptosis, when the peptide was
injected intracerebroventricularly (icv) even as late as
8 h after the KA. Also previous in vivo studies of our
group showed that NPY injected into the rat hippo-
campus diminished KA-induced lesion in that struc-
ture [92]. Other authors have described neuroprotec-
tive effects of NPY in different models in which the
peptide was used preventively before the impairment
[85, 99], or three times: one before and two times af-
ter the impairment [95]. Our results demonstrated bet-
ter neuroprotective effects of NPY in the hippocam-
pus than in the cortex. This may be due to higher den-
sity of inhibitory presynaptic Y2 receptors in the
structure [22, 83, 84]. Moreover, immunohistochemical
observation showed many NPY-immunoreactive inter-
neurons and terminals in the hippocampus [52]. We did
not study a role of specific Y receptors in the neuropro-
tective effects of NPY but the possibility of delayed pro-
tection. Studies of other authors indicate that neuropro-
tection in the hippocampus is elicited mainly via Y2 and
Y5 receptors [84, 85] but some protective role of Y1 re-
ceptor (additionally to Y2) was found in the striatum
[95].

In our experiments, the effects of MTEP and NPY
were quite strong when either drug was added after
KA-induced toxicity, thus pointing to potential thera-
peutic use of these compounds in patients to whom
a neuroprotective treatment can be introduced a few
hours after damage. Our study shows that MTEP and
NPY are neuroprotective when administered in the
much wider time window than usually showed, since
they are protective against KA toxicity even 6 h after
the insult. These findings are in line with our concept
that the modulatory inhibition of glutamatergic trans-
mission may be neuroprotective because our observa-
tions of LDH increase after KA at different times
points (see results) indicated that most of the KA-
induced cell damage did not occur immediately after
direct stimulation of KA receptors, but developed
with time. The application of MTEP or NPY during
that time was effective which suggested that neuro-
protective effect of these compounds developed
mainly via its interference with this secondary excito-
toxic process.

In order to study the mechanisms of the neuropro-
tection, we examined whether the neuroprotective ef-
fects of the MTEP and NPY were due to the inhibition
of apoptosis. In our neuronal cultures, we measured
caspase-3 activity as a marker of apoptosis. There is
a strong link between the activation of caspase-3 and
apoptotic degradation of genomic DNA. A specific
caspase-3-activated DNase (DFF40 or CAD) has been
identified and characterized as an enzyme which is in-
volved in the internucleosomal fragmentation of DNA
and, finally, in apoptotic cell death [79]. Though cas-
pase activation, which is associated directly with
apoptosis, is observed already within a few hours af-
ter an injury, late apoptotic features, including LDH-
release and cell death, need even days to reveal them-
selves [44]. In preliminary experiment, we estimated
the induction of caspase by KA after 3 h, 6 h, 24 h and
48 hours. We found that the period of 6 h after KA
was optimal, because after 3 h caspase was not yet ac-
tivated, whereas after 24 h that activation was weak
and it disappeared after 48 h. However, after 6 h of in-
cubation with KA, caspase-3 was as strongly acti-
vated as by the reference compound staurosporine.
The proapoptotic effects of KA were observed in
other studies with neuronal cultures [29, 57, 88] and
in vivo [34, 53, 73, 100]. In our experimental model,
MTEP or NPY were added 30 min after KA (as the
most effective time-point for LDH release), and they
induced a very potent antiapoptotic effect in both cor-
tical and hippocampal cultures. Caspase-3 activity af-
ter adding MTEP or NPY 30 min after KA, remained
at the control level or slightly below it, thus suggest-
ing a direct link between neuroprotection attributed to
MTEP and NPY and inhibition of apoptosis by these
compounds.

Summing up, the obtained results indicate signifi-
cant neuroprotective effects of both compounds,
which decrease Glu transmission, MTEP and NPY, in
the in vitro model of KA-induced neurotoxicity. This
study has also provided evidence that the neuropro-
tective action of MTEP and NPY is, at least, partly
due to the inhibition of apoptosis. Of particular im-
portance is the finding that these drugs may be effec-
tive even if they are applied 1–6 h after the toxins.
The effectiveness of such late treatment indicates
a potential therapeutic use of similar compounds in
patients in whom a neuroprotective treatment can be
introduced even a few hours after a damage. Never-
theless, the problem requires further studies in differ-
ent in vitro and in vivo models.
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