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Abstract:

The aim of this study was to establish the antagonistic effects of 1-methyl-1,2,3,4-tetrahydroisoquinoline (1MeTIQ) on NMDA re-
ceptors and its neuroprotective abilities on primary cultures of rat cerebellar granule cells exposed for 30 min to 250 or 100 µM glu-
tamate. Neuronal viability was tested after 24 h with propidium iodide or calcein/ethidium homodimer-1 staining. The
neuroprotective potential of 100, 250 or 500 µM 1MeTIQ was compared with established uncompetitive NMDA receptor antago-
nists, 0.5 µM MK-801, or 5 µM memantine. These substances were applied for 30 min either together with glutamate, 24 or 48 h be-
fore glutamate, or 0.5 h, 1 h and 3 h after exposure to the excitotoxin. The results demonstrated that MK-801, memantine and 500 µM
1MeTIQ induced an almost complete neuroprotection when co-applied with glutamate, but lower concentrations of 1MeTIQ were
slightly less effective. Similar effects for 1MeTIQ and the established NMDA receptor antagonists were observed in the pre-
treatment experiments, even with a 48-h lag between the application of the tested substances and the excitotoxic challenge. In the
post-treatment experiments, MK-801 and memantine and 500 µM 1MeTIQ applied up to 3 h after the exposure to glutamate signifi-
cantly reduced the excitotoxic lesion, but 1MeTIQ in lower concentrations was ineffective. These results indicate that 1MeTIQ
shares neuroprotective abilities with established uncompetitive NMDA receptor antagonists, which suggests that its inhibitory effect
on NMDA receptors plays a key role in its anti-excitotoxic activity. Moreover, our data disclose a new mechanism of 1MeTIQ-
evoked neuroprotection based on the induction of neuronal tolerance to excitotoxicity.
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Abbreviations: 1MeTIQ – 1,2,3,4-tetrahydroisoquinoline, CGC
– cerebellar granule cells, DIV – day in vitro, Glu – glutamate,
HEPES – 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid,
MEM – memantine hydrochloride (1,3-dimethylaminoadamantane
hydrochloride), MK-801 – (+)-5-methyl-10,11-dihydro-5H-di-
benzo[a,d]cyclohepten-5,10-imine hydrogen maleate, NMDA –
N-methyl-D-aspartate, PCP – phencyclidine, TIQ – 1,2,3,4,-te-
trahydroisoquinoline

Introduction

1,2,3,4,-Tetrahydroisoquinolines (TIQ) are endoge-
nous substances present in the brain in low concentra-
tions. Several TIQ derivatives are neurotoxic [6, 28,
33, 51], and their role in Parkinson’s disease has been
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suggested [1]. Interestingly, 1-methyl-1,2,3,4,-tetrah-
ydroisoquinoline (1MeTIQ), which is also present in
the brain, reduces neuronal death in various models of
neurotoxicity [5, 27, 54].

The mechanism of the neuroprotective effect of
1MeTIQ is not clear. The protection of dopaminergic
neurons in vivo and in vitro by 1MeTIQ reported in
our previous studies was ascribed to its anti-oxidative
potential and the modulation of dopamine metabolism
[3, 5–7, 41]. We also demonstrated that 1MeTIQ re-
duced excitotoxicity in cultured neurons [4]. Because
1MeTIQ inhibits glutamate (Glu)-evoked 45Ca accu-
mulation in primary cultures of rat cerebellar granule
cells (CGCs) and suppresses [3H]MK-801 binding to
rat cortical membranes, we have suggested that this
compound acts as an NMDA receptor antagonist [4].
Other studies have demonstrated the affinity of some
TIQ derivatives to MK-801/phencyclidine (PCP) bind-
ing sites within the NMDA channel [21, 35]. However,
it is unclear if additional neuroprotective mechanisms
specific for 1MeTIQ may be involved in its anti-
excitotoxic activity.

It has become customary to link the neuroprotec-
tive and anti-excitotoxic effects of NMDA receptor
antagonists with the inhibition by these substances of
the ongoing over-excitation of the NMDA receptors
upon excitotoxic challenge. However, a study by
Tremblay et al. [53] demonstrated that even a brief
exposure of neurons to NMDA receptor antagonism
(preconditioning) induces a prolonged tolerance to
subsequent excitotoxicity in cultured neurons. Pre-
conditioning is a way of inducing tolerance in neurons
in vivo or in vitro to injurious insults, including brain
ischemia or excitotoxicity, using preceding sublethal
stressors [26, for recent reviews see 19, 39]. The
mechanism of tolerance induced by pre-conditioning
seems to be rather complex [17, 39, 56]. Recent data
indicate that tolerance to a lethal global or focal brain
ischemia and to in vitro neuronal injury may be also
induced by sublethal stressors applied after the termi-
nation of the insults in a process called post-
conditioning [10, 11, 30, 42, 45, 47, 55, 59, 62, for re-
views see 17, 61]. It is not known if 1MeTIQ might be
used for the pre- or post-conditioning of neurons to
induce tolerance to the toxic effects of Glu or the pos-
sible relationship between these putative effects and
the inhibition of NMDA receptors by this substance.

In the present study, we tested the hypothesis that
the neuroprotective, anti-excitotoxic potential of
1MeTIQ results from its antagonistic effects on the

NMDA receptors using primary cultures of rat CGC
exposed for 30 min to Glu. We compared neuropro-
tection induced by 1MeTIQ with the effects of two es-
tablished uncompetitive antagonists of NMDA recep-
tors, MK-801 and memantine (MEM). Three different
experimental protocols were used. Apart from the si-
multaneous application of tested substances with Glu,
the antagonists and 1MeTIQ were also applied for 30
min either 24 h or 48 h before or up to 3 h after the ex-
citotoxic challenge. These latter protocols were used
to detect the ability of 1MeTIQ to induce tolerance to
excitotoxicity.

Materials and Methods

Glu and the materials for cell culture were purchased
from Sigma (St. Louis, MO, USA). (+)-5 Methyl-10,11-
dihydro-5H-dibenzo[a,d]cyclohepten-5,10- imine hydro-
gen maleate (MK-801) and MEM were obtained from
RBA (Natic, MA, USA). 1-Methyl-1,2,3,4-tetrahydro-
isoquinoline (1MeTIQ) was synthesized in the Depart-
ment of Medicinal Chemistry, Institute of Pharma-
cology, PAS, Kraków, courtesy of Dr. Jan Boksa). All
other chemicals were of analytical grade.

Primary cultures of CGCs were prepared from the
cerebella of 7-day-old rats. Wistar rats were bred in
the Animal Colony of the Mossakowski Medical Re-
search Centre, PAS in Warszawa. The use of rat pups
was in accordance with the Polish and international
regulations, and the procedure was approved by the
First Local Ethical Committee in Warszawa.

The cells were separated from cerebella and sus-
pended according to the method of Schousboe et al.
[50], with some modifications as described previously
[29]. The cells were seeded at a density of 2 × 106 cells
per well in 12-well plates (NUNC) and cultivated in
basal Eagle’s medium supplemented with heat-
inactivated 10% fetal calf serum (Sigma), 25 mM
KCl, 4 mM glutamine, streptomycin (50 µg/ml) and
penicillin (50 U/ml) at 37°C in a humidified atmos-
phere containing 5% CO2. Contamination with mi-
totic cells was reduced by the application of 7.5 µM
cytosine arabinofuranoside 36 h after plating.

Acute Glu-induced neurotoxic damage was in-
duced in vitro as described by Ankarcrona et al. [2].
In cultures on 7th day in vitro (DIV), the growth me-
dium was replaced by Locke 25 incubation buffer
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(134 mM NaCl, 25 mM KCl, 4 mM NaHCO3, 5 mM
HEPES, pH 7.4, 2.3 mM CaCl2, 5 mM glucose). Glu
(neutralized with NaOH) was present in this medium
at 250- or 100-µM concentrations (as indicated), and
the cells were incubated for 30 min at 37°C. The Locke
medium was then removed, and the cells were re-
turned to the original growth medium and cultured for
further 24 h under standard conditions.

The viability of cultures was estimated using two
methods. In most of the experiments, neurotoxic-
ity/neurodegeneration was evaluated morphologically
using 5% propidium iodide staining. Live and dead
neurons were counted using a Zeiss Axiovert 25 fluo-
rescence microscope. The proportion of live cells was
expressed as a percentage of the total cell number. In
some experiments, we used a two-color fluorescence
cell viability test that permits a simultaneous determi-
nation of live cells with the green fluorescence of cal-
cein and dead cells with the red fluorescence of ethid-
ium homodimer-1. The staining procedure was performed
as indicated by the manufacturer of the Live/Dead®
Viability/Cytotoxicity Kit for mammalian cells (Mo-
lecular Probes Inc., Paisley, UK). CGCs were loaded
simultaneously for 10 min with ethidium homodimer-1
(2 µM) and calcein-AM (1 µM) and washed in 0.5 ml
of Locke buffer. Green fluorescence from calcein
(ex/em 480/530 nm) and a bright red fluorescence
from ethidium homodimer-1 (ex/em 520/620 nm) were
measured using a multi-detection microplate reader,
FLUOstar Omega (GBM Labtech GmbH, Offenburg,
Germany). In addition, neuronal cells were imaged
with a Zeiss LSM 510 confocal microscope equipped
with argon-neon and helium-neon lasers with excita-
tions of 488 and 543 nm, respectively. Images of la-
beled neurons were obtained using the ZEN 2007
program with 488 nm and 568 nm excitation filters
for calcein and ethidium homodimer-1, respectively.
Fluorescence emission was separated by a 560 nm di-
chroic mirror. A 515–540-nm band pass filter for cal-
cein and a long pass 590-nm filter for ethidium
homodimer-1 were used for detection.

To study the effects of 1MeTIQ (at 100, 250 or 500 µM
concentrations) in comparison to 0.5 µM MK-801 or
5 µM MEM on Glu neurotoxicity, these substances
were administered for 30 min at 37°C in Locke 25 in-
cubation buffer. In one set of experiments, these sub-
stances were applied together with Glu (co-application).
In two other sets of experiments, according to the pre-
or post-treatment protocols, the growth medium was

also replaced for 30 min with Locke 25 buffer con-
taining the tested substances. This treatment was ap-
plied either 24 or 48 h before the exposure to Glu
(pre-treatment) or 30 min, 1 or 3 h after the termina-
tion of the incubation with Glu (post-treatment). Con-
trol cultures were treated with Locke 25 buffer with-
out the NMDA receptor antagonists. Thereafter, the
Locke 25 buffer was removed and the cells were cul-
tured in the original growth medium.

The results were compared using a one-way analy-
sis of variance (ANOVA) followed by Tukey’s post-

hoc test.

Results

In the initial experiments, we tested the intrinsic neu-
rotoxicity of 100, 250 or 500 µM 1MeTIQ and of the
established NMDA receptor antagonists 0.5 µM MK-801
or 5 µM MEM in primary cultures of rat CGCs on the
5��, 6�� and 7�� days in vitro (DIV). These experiments
demonstrated that the 30-min replacement of the
growth medium with Locke 25 buffer with or without
these substances had no significant effect on the vi-
ability of CGCs (results not shown). We also con-
firmed that the neuronal damage induced by the expo-
sure of rat CGCs on the 7�� DIV for 30 min to 250 µM
Glu (Fig. 1) or, in some experiments, to 100 µM Glu
(Fig. 3), was highly significant, when detected 24 h
later, with about a 40–50% decrease in the number of
viable neurons.

Using a model of acute glutamate excitotoxicity,
we studied the direct neuroprotective potential of
1MeTIQ compared to MK-801 and MEM (i.e., the ef-
fects of their administration together with Glu). As
expected, the co-application of 250 µM Glu with ei-
ther 0.5 µM MK-801, 5 µM MEM, or 100, 250 and
500 µM 1MeTIQ, induced very pronounced neuro-
protection (Fig. 1). The protection was almost com-
plete with 0.5 µM MK-801, 5 µM MEM and 500 µM
1MeTIQ. 1MeTIQ-induced neuroprotection exhibited
a clear dependence upon concentration.

In the next experimental approach, we tested the
ability of 1MeTIQ to induce tolerance in neurons to
a subsequent excitotoxic challenge. As demonstrated
in Figures 2 A and B, a brief 30-min incubation of
CGCs with 1MeTIQ, MK-801 or MEM performed 24
or 48 h before the exposure to 250 µM Glu led to ro-
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bust neuroprotection, as observed with propidium io-
dide staining. The neuroprotective potential of pre-
treatment with 1MeTIQ and the established NMDA
receptor antagonists was comparable to the effective-
ness of their co-application with Glu (Fig. 1). The tol-

erance of cultured neurons to Glu diminished slightly
with time. Nevertheless, neuroprotection induced by
pretreatment 48 h before the insult was still highly
pronounced (Figs. 2 A and B). A very high effective-
ness of the pretreatment of CGCs with 500 µM
1MeTIQ 24 h before Glu application was also de-
tected by staining the cells with calcein and ethidium
homodimer-1 to visualize viable and damaged neu-
rons, respectively (Fig. 3). Pre-conditioning with
1MeTIQ significantly reduced the number of injured
cells stained red with ethidium homodimer-1 and pre-
vented a decrease in the number of viable green neu-
rons stained with calcein (Fig. 3). Quantitative meas-
urements of green and red fluorescence of treated
neurons confirmed these findings (Fig. 3D).

To evaluate the ability of 1MeTIQ in comparison to
MK-801 and MEM to induce tolerance to Glu in
CGCs by post-conditioning, the cultures were first
treated with 100 µM Glu, and the substances were
then tested. The therapeutic time window tested in
these experiments (i.e., the lag between removal of
the Glu-containing medium and the beginning of the
30-min incubation with the tested substances) varied
from 30 min to 3 h. The results of these experiments
are presented in Figure 4. A brief 30-min post-
treatment with 0.5 µM MK-801, 5 µM MEM or 500
µM 1MeTIQ beginning 30 min, 1 h or 3 h after the
excitotoxic challenge induced very pronounced neu-
roprotection. However, 1MeTIQ applied in 100-µM
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and 250-µM concentrations at any time after the ex-
posure to Glu failed to induce significant neuroprotec-
tion (Fig. 4).

Discussion

Our present results confirmed that, in a model of pri-
mary cultures of rat CGCs submitted to acute Glu-
induced excitotoxicity, 1MeTIQ provided neuropro-
tection. This effect resembled the action of the estab-
lished uncompetitive NMDA receptor antagonists
MK-801 and MEM. The present results are relevant
to our previously published data showing that
1MeTIQ inhibits NMDA receptors [4]. The new find-
ing of the current study is that 1MeTIQ applied at
high micromolar concentrations or MK-801 or MEM
at low micromolar concentrations are neuroprotective
when administered for 30 min, 24 h or 48 h before
and up to 3h after exposure to Glu. Therefore, we sug-
gest that 1MeTIQ, like other NMDA receptor antago-
nists, induces a long-lasting tolerance to excitotoxic
insults in cultured neurons and consequently that the
mechanism of neuroprotective effects of 1MeTIQ ob-
served under various experimental conditions may be
partially attributed to tolerance developing after the
pre- or post-treatment of neurons with this substance.

In the experiments presented in this paper, we util-
ized primary cultures of rat CGCs, which are com-
monly used as an in vitro model of glutamatergic neu-
rons [14, 49]. Previous data has shown that on the 7th

DIV, CGCs exhibit a mature glutamatergic phenotype
and express NMDA receptors, which is a prerequisite
for Glu-mediated excitotoxicity [8, 36]. We used this
neuronal model in our previous study, which demon-
strated that 1MeTIQ, administered in concentrations
of 100 and 500 µM together with 100 µM Glu, sig-
nificantly reduced neuronal death induced by this ex-
citatory amino acid [4].

In addition to 1MeTIQ applied at different concen-
trations, we used MK-801 and MEM, which are the
established uncompetitive NMDA receptor antago-
nists, as the reference substances with different affini-
ties to the NMDA channel. MK-801 binds to the chan-
nel with high affinity, but MEM belongs to a class of
uncompetitive NMDA receptor antagonists with mod-
erate/low affinity [for review see 32]. Our previous
results demonstrated that concentrations of 1MeTIQ
as high as 500–750 µM are required to almost com-
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pletely inhibit [3H]MK-801 binding, suggesting its
low affinity for the NMDA channel [4]. The present
data confirmed that 1MeTIQ, like MK-801 and
MEM, inhibited Glu excitotoxicity. However, the re-
sults demonstrated that 1MeTIQ should be applied in
concentrations 103 times higher than MK-801 and
102 times higher than MEM to achieve maximal neu-
roprotection. Nevertheless, one should notice that the
neuroprotective potential of 1MeTIQ administered in
a 100-µM concentration was still very pronounced
and highly significant. Therefore, the results of the
co-application experiments demonstrated that there
was a close relation between the affinity of 1MeTIQ
to the MK-801 binding site within the ionic channel
and its anti-excitotoxic potential. This suggests that
NMDA receptor antagonism may explain the neuro-
protection evoked by 1MeTIQ. However, there are
also other putative mechanisms of this activity. Our
previous studies demonstrated that this compound
suppresses the Fenton reaction in an abiotic system
and completely inhibits the enhanced hydroxyl radical
production in the presence of dopamine, suggesting
its free radical scavenging properties [4]. This effect
may be a part of the anti-excitotoxic ability of 1MeTIQ
because glutamate-induced neurotoxicity is partially
mediated by oxidative stress. Apart from its direct or
indirect protection against the excitotoxic insult,
1MeTIQ also exhibited neuroprotective potential in
rotenone neurotoxicity. Rotenone, a pesticide and
complex I inhibitor, causes nigrostriatal degeneration
similar to Parkinson’s disease. Rotenone also causes
dopamine release and induces oxidative stress, as evi-
denced by neurochemical data, and this may also con-
tribute to its neurotoxic activity [7, 52]. The rotenone-
induced increase in the oxidative pathway of dopa-
mine metabolism results in an increased generation of
free radicals, which are formed during monoamine
oxidase (MAO)-dependent oxidative deamination.
Although NMDA receptor antagonists generally in-
duce dopamine release in brain in vivo [23, 48]
1MeTIQ, as an inhibitor of MAO [40], completely
antagonizes rotenone-induced oxidative stress and
shifts dopamine metabolism towards COMT-dependent
O-methylation. Additionally, 1MeTIQ protects against
rotenone-induced mortality and neurodegeneration in
the extrapyramidal structures produced by its periph-
eral and intracerebral injection [3, 7, 42].

In parallel to the co-application experiments, the
present study also tested the ability of a brief pre-
treatment of neurons with 1MeTIQ, in comparison to

MK-801 and MEM, to induce a long-lasting neuro-
protection against Glu-evoked neuronal damage. This
experimental protocol had been adapted from Trem-
blay et al. [53], who described a prolonged protection
(at least 96 h) from various excitotoxic and pro-
apoptotic insults in primary cultures of fetal rat corti-
cal neurons submitted to a transient suppression of the
activity of NMDA receptors. These authors suggested
that such an effect may be attributed to the mecha-
nisms of tolerance induced in these neurons by pre-
conditioning with various types of NMDA receptor
antagonists. Our present results demonstrate that the
long-lasting tolerance induced by the established
NMDA receptor antagonists is a general phenomenon,
occurring also in the primary cultures of rat CGCs.
Moreover, we noticed that 1MeTIQ in the concentra-
tion range of 100 to 500 µM also induced tolerance to
Glu excitotoxicity in cultured neurons in a concentra-
tion-dependent manner. This similarity between the
effects of the established NMDA receptor antagonists
and 1MeTIQ suggest that the ability of 1MeTIQ to in-
hibit NMDA receptors is a prerequisite for pre-
conditioning and the induction of neuronal tolerance.

The other novel finding of this study is the disclo-
sure of the ability of MK-801 and MEM, and 1MeTIQ
applied at the highest concentrations, to provide neu-
roprotection as a result of a post-treatment delayed up
to 3 h after Glu application. A delayed but permanent
application of the tested putative neuroprotectants to
the system constantly containing excitotoxins has
been labeled in some studies as post-treatment. In
contrast, the NMDA receptor antagonists were ap-
plied after a significant delay following the termina-
tion of the glutamatergic challenge and only as a brief
30-min pulse in our study. The mechanism of this
phenomenon is not clear. It was reported that pro-
longed NMDA receptor inactivation by MK-801 ap-
plied up to 2 h after excitotoxic challenge and then
constantly present in the medium, resulted in signifi-
cant neuroprotection in rat hippocampal neurons [44],
which may suggest an inhibition of the ongoing sec-
ondary excitotoxicity. However, it seems highly im-
probable that a brief 30-min administration of NMDA
receptor antagonists after an exposure of neurons to
Glu would be sufficient to inhibit the hypothetical
sustained activation of these receptors. Therefore, we
suggest that neuroprotection evoked by 500 µM
1MeTIQ, MK-801 and MEM applied 30 min to 3 h
after the exposure of CGCs to Glu might be attributed
to tolerance induced by post-conditioning. Similarily,
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in vitro post-conditioning with sublethal oxygen/glu-
cose deprivation (OGD) of cortical neuronal cultures
or of organotypic hippocampal cultures provides neu-
roprotection against lethal OGD [42, 47]. In addition,
in vitro pharmacological post-conditioning of cultured
hippocampal slices or freshly prepared cortical slices
with agonists to group I mGluRs, DHPG or the vola-
tile anesthetic isoflurane was also shown to induce
tolerance to lethal OGD [33, 47]. To our knowledge,
our report is the first to describe the tolerance-
inducing ability of a brief administration of NMDA
receptor antagonists after the excitotoxic insult (post-
conditioning). Studies are underway to establish the
precise mechanisms at play.

There are interesting distinctions between 1MeTIQ
and established NMDA receptor antagonists in their
neuroprotective activities in the post-treatment. In our
experiments, only 500 µM 1MeTIQ was as effective
as 0.5 µM MK-801 and 5 µM MEM; lower concentra-
tions of 1MeTIQ had no neuroprotective effect.
Therefore, the neuroprotective potential of 1MeTIQ
was weaker than MK-801 or MEM and corresponded
with its lower affinity to NMDA receptors. There are
also other possible mechanistic differences between
1MeTIQ and classical NMDA receptor antagonists.
1MeTIQ and MK-801 differ in some pharmacological
properties, sometimes inducing opposite effects in

vivo [41]. Moreover, as has been indicated above, one
of the properties ascribed to 1MeTIQ, but not to MK-
801 and MEM, is its intrinsic anti-radical activity [4].
This effect might be responsible for the lower effec-
tiveness of post-conditioning with 1MeTIQ than with
established NMDA receptor antagonists. The scaven-
gers of free radicals inhibit the induction of tolerance
by pre- and post-conditioning, suggesting a role for
mild oxidative stress in their mechanisms [18, 40, 43,
56]. It is possible that post-conditioning is more sensi-
tive to anti-radical substances than to pre-
conditioning. Nevertheless, the results of this study
demonstrated that neuroprotection induced by 1MeTIQ
against Glu excitotoxicity generally mimicked the ef-
fects of established uncompetitive NMDA receptor
antagonists. Therefore, this effect seems to be related
to the ability of 1MeTIQ to inhibit these receptors.

At first glance, the ability of a transient exposure of
cultured CGCs to NMDA receptor antagonists in pre-
and post-treatments to induce long-lasting tolerance
to an excitotoxic challenge may be considered sur-
prising or irrelevant to existing knowledge. It has
been demonstrated in numerous previously published

papers that moderate activation of NMDA receptors is
an adequate pre-conditioning stressor sufficient to in-
duce tolerance in neurons to subsequent lethal stimuli
[12, 37, 60]. Although the molecular mechanisms of
preconditioning remain unclear, there are data sug-
gesting a role of the down-regulation of JNK1/2
evoked by an NMDA receptor-dependent activation
of Akt [37, 60]. A more recent study demonstrated an
NR2A-mediated CREB phosphorylation and a subse-
quent expression of neuroprotective genes, including
cpg15 [12]. Moreover, in vivo studies demonstrate in-
hibitory effects of MK-801 on brain ischemic pre-
conditioning [9, 25], although these results have been
disputed [19, 58]. In turn, the mechanism of pre-
conditioning with NMDA receptor antagonists has
been explained by the effect of mild oxidative stress
induced by the transient inactivation of NMDA recep-
tors [53]. Indeed, it has been demonstrated in many
studies that MK-801 induces stress responses with the
symptoms of oxidative stress in brain neurons and in
neuronal cultures [22, 24, 57]. Tremblay et al. [53]
noticed that the tolerance induced by NMDA receptor
antagonists depends on the synthesis of new proteins.
They also reported that, although neurons pre-
conditioned with MK-801 respond to glutamatergic
stimulation with normal calcium transients, the acti-
vation of calpain and the inactivation and transloca-
tion of protein kinase C (PKC) to membranes in these
cells is less pronounced. Moreover, these authors ex-
cluded a role of BDNF in the mechanism of this phe-
nomenon [53]. Recent studies in animal experiments
and in humans have demonstrated a strong neuropro-
tective potential and an ability to induce brain toler-
ance to the ischemia of ethanol and volatile anesthet-
ics, including xenon [13, 15, 55]. Among the complex
affinities of these compounds to different proteins,
they also inhibit NMDA receptors [16, 34]. The sug-
gested mechanisms of this induced tolerance that, as
we propose, may be at least partially related to the
moderate inhibition of NMDA receptor-mediated sig-
naling, comprise mild oxidative stress and/or the acti-
vation of pro-survival signaling pathways, including
PKC, p38-MAPK or Akt. It is probable that MK-801,
MEM and perhaps also 1MeTIQ may activate some
of these pathways; however, this supposition should
be verified experimentally. Other options are also pos-
sible because the list of intracellular signaling cas-
cades ascribed to neuronal pre-conditioning with dif-
ferent stressors comprises a huge number of putative
transducers [17, 37].
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A number of studies have described the neuropro-
tective potential of established NMDA receptor an-
tagonists administered in vivo and in vitro just before,
during or after an excitotoxic challenge (for exam-
ples, see [20, 31, 38, 44]). Usually, the neuroprotec-
tive effects observed in such experiments have been
interpreted as evidence that excessive stimulation of
NMDA receptors plays a role in the process of neu-
ronal damage under these experimental conditions
[for an example, see 46]. An alternative hypothesis is
proposed by our evidence and the evidence of some
other studies [53] that neuroprotection may also result
from tolerance induced by pre- or post-conditioning
without an immediate relation to the suppression of
overexcited NMDA receptors. The same remark con-
cerns the neuroprotective effects of 1MeTIQ. It was
shown previously that NMDA receptor antagonists in-
duce the tolerance of cortical neurons not only to Glu
excitotoxicity but also to other injurious factors, in-
cluding pro-apoptotic toxins [53]. It remains to be ex-
amined whether 1MeTIQ may induce tolerance of do-
paminergic neurons to specific neurotoxins like MPP+.

In conclusion, our results demonstrated a neuropro-
tective effect of 1MeTIQ application against gluta-
mate-induced toxicity in all of the experimental proto-
cols used in this study (i.e., for the co-administration
with Glu and in pre- and post-treatment). We com-
pared the neuroprotective effects of MK-801, MEM
and 1MeTIQ and their known affinity to NMDA re-
ceptors and concluded that the ability of 1MeTIQ to
inhibit NMDA receptors may at least partially be re-
sponsible for its neuroprotective effects. The results
obtained in this study suggest a new mechanism of
neuroprotection provided by 1MeTIQ, an induced tol-
erance of neurons to excitotoxic lesions.
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