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Preconditioning reduces hypoxia-evoked alterations
in glutamatergic Ca’* signaling in rat cortex
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The aims of this study were (1) to characterize calcium signaling in rat cortex induced by repeated in vitro application of the
glutamatergic agonists L-glutamate, NMDA, AMPA and DHPG, (2) to analyze the influence of transient severe hypobaric
hypoxia (180 Torr) administered in vivo on calcium responses to stimulation of glutamate receptors by their agonists, and
(3) to evaluate the effects of preconditioning with intermittent mild hypobaric hypoxia (360 Torr), 24 h before the severe
hypoxia, on these Ca* responses. Intracellular Ca** dynamics was studied using the fluorescent probes fura-2 and
chlortetracycline to monitor free and bound calcium (Ca; and Ca,), respectively. In control cortical slices, application of
L-glutamate, NMDA and AMPA induced concomitant increases in Ca, and Ca,, reflecting Ca*" influx and its intracellular
accumulation in neurons. DHPG, an agonist of group I mGlu receptors induced a decrease in Ca, accompanied by a rise in
Ca; levels, indicating Ca** mobilization. In cortical slices collected 24 h after severe hypoxia, the responses of Ca, to
glutamate administration were increased, DHPG-induced shifts were reversed, the increase in Ca, after the first application
of AMPA was reduced, while after the second, Ca, rises were potentiated, and the increases in Ca, evoked by NMDA
application were slightly suppressed. The alterations of responses in Ca, to the selective agonists were completely prevented
by preconditioning with mild hypoxia. Our results suggest that protection of normal glutamatergic calcium signaling
contributes to tolerance to hypoxia induced by preconditioning.
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INTRODUCTION

The brain is extremely sensitive to different forms
of hypoxia. Even brief periods of global brain isch-
emia (ischemic hypoxia), hypoxemia or severe hypo-
baria may result in neuronal lesions in vulnerable
brain regions, with accompanying neurological defi-
cits and behavioral dysfunction (for recent reviews
see Khot and Tirschwell 2006, Oechmichen and
Meissner 2006, Perlman 2006). The results of numer-
ous pathophysiological studies indicate the involve-
ment of excessive stimulation of excitatory amino
acid receptors, changes in the expression and func-
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tion of these receptors and aberrant glutamate neu-
rotransmission in the mechanisms of hypoxic/isch-
emic neuronal damage (Homola et al. 2006, Salinska
et al. 2005, Quintana et al. 20006). It is also generally
accepted that disturbances in calcium homeostasis
can participate in the mechanism of nerve cell injury
(Kristian 2004, Martinez-Sanchez et al. 2004, Yao
and Haddad 2004). Several studies have demonstrat-
ed that hypoxia/ischemia induces calcium imbalance
in brain neurons (Dubinsky and Rothman 1991,
Bickler and Hansen 1994, 1996, Mitani et al., 1994).
Our previous data indicated that exposure of rat corti-
cal brain slices to severe anoxia in vitro destabilizes
intracellular homeostasis of calcium with biphasic
changes in the levels of both free and bound calcium.
We also demonstrated the major role of NMDA
receptors in this phenomenon (Semenov et al. 2000).
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Another of our previous studies showed that precon-
ditioning of cortical slices in vitro with a short epi-
sode of anoxia reduces pathological calcium dynam-
ics evoked by subsequent prolonged anoxia (Semenov
et al. 2002).

It is well known that preconditioning of animals in
vivo with episodes of mild hypoxia or ischemia
induces tolerance to subsequent severe hypoxia/isch-
emia (for a review see Schaller and Graf 2002). This
results in long-lasting morphological and behavioral
neuroprotection (Duszczyk et al. 2005, 2006,
Rybnikova et al. 2005a,b). In our studies we have
used hypobaric hypoxia for inducing brain injury in
rats as well as for preconditioning. This model cor-
responds to natural pathophysiological situations like
decompression in civil or military aviation and adap-
tation to high altitudes (Mortazavi et al. 2003, Files et
al. 2005). We have demonstrated that preconditioning
of rats with repeated mild hypobaric hypoxia initiates
the development of long-lasting tolerance of brain
neurons to subsequent (no less than 24 h later) severe
hypoxic insults applied either in vitro or in vivo. In
particular, the calcium overload phenomenon induced
by 10 min anoxia in vitro was shown to be signifi-
cantly suppressed in brain slices obtained from rats
preconditioned 24 h earlier (Semenov et al. 2004). In
other studies, severe hypobaric hypoxia administered
in vivo was shown to induce a dramatic decrease in
brain NGFI-A expression, up-regulation of the expres-
sion of proapoptotic proteins and extensive apoptotic
damage to hippocampal and neocortical neurons,
while preconditioning of rats by repeated mild hypo-
baric hypoxia largely prevented these pathogenic
events and increased the expression of antioxidative
enzymes (Rybnikova et al. 2002, 2005a,b, 2006,
Stroev et al. 2004, 2005). However, there is a lack of
data describing how severe injurious hypoxic insult
in vivo alters calcium-mediated glutamatergic signal
transduction in the brain, and how preconditioning
hypoxia modifies this effect.

The aims of the present study were to characterize,
in rat cortical slices, pattern of calcium responses
evoked by glutamate and selective glutamatergic
agonists, to detect their persistent alterations 24 h
after the animals were subjected to injurious severe
hypobaric hypoxia and to identify the receptors that
mediate these changes, and finally to evaluate the
protective effects of preconditioning with mild hypo-
baric hypoxia.

METHODS
Animals

Eighty six adult male Wistar rats weighing 200-240 g
used in this study were divided into 3 groups: (1)
sham-treated controls (38 rats), (2) subjected to severe
hypoxia (SH) (32 animals), and (3) preconditioned
with mild hypoxia before exposure to severe hypoxia
(MH + SH) (16 rats). Animal experiments were carried
out in accordance with domestic regulations and the
European Community Council Directive of 24
November 1986 (86/609/EEC). All efforts were made
to minimize animal suffering and the number of ani-
mals required, and the experimental protocols were
approved by local ethical committees.

Hypoxia

Hypoxia was induced by the exposure of rats to hypo-
baric conditions. A 50 1 vacuum box (SPT-200, Horyzont,
Warsaw, Poland) was used as a decompression chamber
for the simultaneous hypobaric exposure of up to 6 rats.
The pressure inside the chamber was reduced gradually
at an average rate of 100 Torr/min, pausing for several
minutes after every 100 Torr step. To avoid significant
shifts in the pO,, pCO,, humidity and temperature inside
the chamber during hypobaric exposure, the box was
ventilated every 20 min by simultaneous pumping and
opening of the inlet valve for 1 min while maintaining
constant pressure. After hypobaric sessions lasting for
2 h at 360 Torr, equivalent to 5000 m above sea level
(mild hypoxia — MH), or 3 h at 180 Torr, equivalent to
11000 m above sea level (severe hypoxia — SH), the
chamber was restored to normal atmospheric pressure at
a rate of about 40 Torr/min. For hypoxic preconditioning,
MH was applied once a day for three days. SH an acute
hypoxic test, was applied alone or 24 h after the MH.
Control (sham-treated) animals were placed in the cham-
ber for 3 h under normobaric conditions. Approximately
24 h after SH, all animals were anesthetized with chloral
hydrate and decapitated. The brains were then rapidly
removed for the preparation of cortical slices.

Preparation of cortical slices
The rat brains were chilled in ice-cold artificial

cerebro-spinal fluid (ACSF) equilibrated with O,.
ACSF was composed of 124 mM NaCl, 5 mM KCI,



2.6 mM CaCl,, 1.24 mM KH,PO,, 1.3 mM MgSO,,
3 mM NaHCO;, 10 mM glucose and 24 mM Tris-HCl
(pH 7.4). Two tangential slices (400 um) were then cut
from the piriform cortex of both hemispheres using
a tissue vibratome (752M Vibroslice, Campden
Instruments, London, UK). The piriform cortex is
demarcated by the lateral olfactory tract and rhinal fis-
sure. Both slices from each animal were placed in 2 ml
superfusion chambers and preincubated at 37°C for
2.5 h with a continuous flow of ACSF (1.2 ml/min).
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Measurements of intracellular Ca* (free and
bound)

Relative changes in the intracellular levels of free
Ca* (Ca)) and in Ca* bound to intracellular domains
(Ca,) were detected using the calcium-sensitive fluo-
rescent probes fura-2 and chlortetracycline (CTC),
respectively, as described in detail previously (Semenov
et al. 2000, 2002). Briefly, to identify changes in Ca,
one slice of each animal was preincubated for 90 min
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Fig. 1. Changes in intracellular free (Ca;) and bound (Ca,) calcium levels in cortical slices of control rats evoked by repeated
application of glutamate receptor agonists: (A) 50 pM L-glutamate; (B) 100 uM NMDA,; (C) 40 uM AMPA; (D) 100 uM
DHPG. Black horizontal bars on abscissa of each panel mark the times of agonist application. Values represent means +
SEM. For each agonist, the number of slices used for Ca, and Ca, measurement were 8 and 6, respectively.
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in ACSF containing 3.3 uM fura-2AM in 0.5% DMSO,
while another (control) slice was incubated in ACSF
with the same concentration of DMSO and used as an
autofluorescence reference. Levels of fura-2 fluores-
cence intensity were then measured at 340 and 380 nm
excitation and 510 nm emission wavelengths using
a Hitachi F-2000 fluorescence spectrophotometer
(Hitachi, Tokyo, Japan) equipped with a xenon lamp.
The measurements lasted a maximum of 10 s and were
only repeated every 5 min to minimize photobleaching.
The results of these measurements, corrected for auto-
fluorescence and after further normalization, were used
to calculate the ratio of fluorescence induced by excita-
tion at 340 nm/380 nm. Changes in this fluorescence
ratio, corresponding to changes in Ca, levels were pre-
sented as a percentage of the baseline fura-2 fluores-
cence.

To measure the level of Ca** bound to hydrophobic
intracellular domains (Ca,), slices were prepared and
preincubated as described above. Then both slices of
each brain were incubated in ACSF containing 50 pM
CTC for the entire superfusion experiment. Changes in
fluorescence of Ca-CTC complexes were measured at
400 nm excitation and 522 nm emission wavelengths
using an AvaSpec-2048 spectrometer (Avantes B.V.
Eerbeek, Netherlands), equipped with an LED lamp
(L2523UVC, Kingbright, Hong-Kong, China), mount-
ed on a LUMAM-KF microscope (LOMO, St.
Petersburg, Russia). The recorded fluorescence values
were expressed as a percentage of the control steady-
state level and used for estimation of Ca, dynamics.

Glutamate receptor agonists

Glutamate receptor agonists L-glutamate (50 uM),
AMPA (40 pM) and DHPG (100 pM) were bath-
applied for two periods of 2 min separated by a 40 min
interval. NMDA (100 uM) dissolved in ACSF without
Mg but containing 50 pM glycine, was applied in the
perfusion medium twice for 15 min with a 30 min
interval. Both slices of each animal were treated with
only one agonist.

Statistics

The results are presented as means + standard error
of the mean (SEM) in two forms characterizing dynam-
ics of Ca*-associated fluorescence (Figs 1 and 2) or
integrated Ca’* load (Fig. 3). The statistical signifi-

cance of differences between means of the integrated
values at P<0.02, was tested using analysis of variance
(ANOVA) followed by Dunnett’s test.

RESULTS

We initially examined the effects of different gluta-
mate receptor agonists on intracellular levels of free
and bound calcium (Ca, and Ca,, respectively) in slices
of piriform cortex prepared from control (sham-treat-
ed) animals. Sham group was represented by 8—10
animals for each agonist tested. The dynamics of Ca,
and Ca, are presented superposed in each panel of
Fig. 1. The first application of L-glutamate induced
a long-lasting increase in Ca, that was accompanied by
a significant increase in Ca; (Fig. 1A). The increase in
Ca, persisted for at least 40 min, while that of Ca, was
transient, with the Ca, level returning to control values
after 37 min. A second application of the same dose of
L-glutamate during 42—44 min of the experiment also
induced increases in Ca, and Ca; however, these
effects were reduced compared to those of the first
application. Slightly different calcium transients were
observed after application of 100 uM NMDA (Fig.
1B). Both applications of NMDA (at 0—15 min and
45-60 min) induced equally pronounced rises in Ca,
and Ca,. The first application of 40 pM AMPA also
induced pronounced increases in Ca, and Ca, while
a reduced Ca, response and only a negligible change in
Ca, was noticed after its second application (Fig. 1C),
resembling the effects of L-glutamate. In general,
application of the agonists of ionotropic glutamate
receptors, NMDA and AMPA, induced increases in Ca,
and Ca, reflecting Ca”" influx into neurons and its accu-
mulation in intracellular stores, presumably in mito-
chondria and endoplasmic reticulum (ER). Both appli-
cations of 100 uM DHPG, a selective agonist of group
I metabotropic glutamate receptors, induced similar
transient decreases in Ca,, and these effects were
accompanied by corresponding waves of increase in
Ca, (Fig. 1D). This result is consistent with mobiliza-
tion of Ca*" from intracellular stores.

In the experiments to determine the effects of severe
hypobaric hypoxia (alone or preceded by precondition-
ing), we focused on changes in the level of Ca, after the
application of glutamate or selective glutamate recep-
tor agonists. Severe hypoxia led to mortality of about
50%, whereas all the animals preconditioned with MH
survived subsequent SH. SH-treated and surviving rats



as well as MH + SH-treated animals formed two equal
groups of 16 animals each. Figures 2A and 3 show the
effects of hypobaric hypoxia on glutamate-induced
changes in Ca,. In cortical slices prepared from the
brains of rats submitted to SH 24 h earlier we noticed
a significant potentiation of the increases in Ca, evoked
by L-glutamate. The response to the second application
of this agonist was particularly amplified. In slices
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prepared from animals preconditioned with recurrent
mild hypoxia before SH (MH + SH), the Ca, responses
to applications of glutamate were less potent than in
non-preconditioned rats, but the response to the second
application still greatly exceeded that observed in the
control. These results indicate that 24 h after injurious
brain hypoxia, responses of some or all types of gluta-
mate receptors to activation by the agonist are enhanced,
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Fig. 2. Effects of severe hypoxia (SH) in non-preconditioned animals or rats preconditioned with intermittent mild hypox-
ia (MH + SH) on changes in intracellular bound calcium (Ca,) in cortical slices evoked by repeated application of gluta-
mate receptor agonists. Black horizontal bars on abscissa of each panel mark the times of agonist application. For each
agonist each experimental variant represents mean value + SEM obtained from eight slices (n=8). Conditions are as

described in Fig. 1.
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Fig. 3. Integrated values of Ca, responses to glutamate recep-
tor agonists in cortical slices of animals treated with SH or
MH + SH, compared to control values. The data presented in
Fig. 2 were integrated for equal time intervals for the first
and second applications of the agonists in all experimental
groups (for L-Glu, AMPA and DHPG, the respective time
scales were 0-42 and 42-84 min; for NMDA, 0-45 and
45-90 min). The values obtained for SH and MH + SH
groups were expressed as a percentage of the control values
for the first and the second response, respectively, in Arbitrary
Units (AU). The bars represent means £ SEM. *P<0.02.

which may lead to calcium overload of brain cells.
Moreover, our data demonstrate that preconditioning
can reduce these potentially pathogenic changes.

To identify the glutamate receptors that may be
involved in the mechanisms of post-hypoxic distur-
bances in glutamate-induced calcium transients and in
the protection afforded by preconditioning, we studied
post-hypoxic changes in Ca, responses to the selective
glutamate receptor agonists NMDA, AMPA and DHPG.
As presented in Fig. 2B, the effects of NMDA applica-
tion on Ca, in cortical slices prepared from animals
subjected to SH were suppressed. This effect was par-
ticularly noticeable after the second NMDA pulse
(Fig. 3). Hypoxic preconditioning (MH + SH) pre-
vented these changes (Figs 2B and 3). The Ca, respons-
es to AMPA were also clearly modified in cortical
slices from animals subjected to SH (Fig. 2C). The
increase in Ca, after the first application of AMPA was

suppressed compared to the control; on the contrary,
the second response was significantly increased
(Fig. 3). In slices prepared from animals precondi-
tioned before SH, the responses of Ca, to AMPA were
close to the control (Figs 2C and 3). The responses of
Ca, to DHPG application in cortical slices from ani-
mals receiving SH were significantly different from
the control (Figs 2D and 3). After both DHPG applica-
tions, instead of the characteristic decreases in Ca, seen
in the control, waves of reversible increases in Ca,
were observed. This reversal of Ca, responses to
DHPG was completely prevented by preconditioning
(Figs 2D and 3).

DISCUSSION

The results of this study demonstrate that SH in vivo
produces abnormal reactivity of glutamate receptors,
particularly, suppressed deactivation of AMPA recep-
tors and aberrant functional coupling of group I mGlu
receptors with as yet unidentified plasmolemmal cal-
cium channels. These changes point to sustained desta-
bilization of glutamatergic calcium signaling in brain
neurons after severe hypoxia that may lead to patho-
genic neuronal calcium overload resulting in brain
damage. Hypoxic preconditioning was found to pre-
vent these changes.

In the present in vivo experiments we used a well-
characterized model of hypobaric hypoxia for inducing
injurious and preconditioning hypoxia (Miller et al.
2003, Kaur et al. 2005, Rybnikova et al. 2005 a,b). We
found that SH induced high mortality during exposure
(about 50%), and the surviving animals showed lesions
to hippocampal neurons and behavioral impairment.
Furthermore, preconditioning of rats with intermittent
MH induced delayed and long lasting tolerance to sub-
sequent SH. Our results confirmed that this protocol
produces a substantial improvement in the rate of sur-
vival, decreases neuronal damage and reduces behav-
ioral abnormalities (Rybnikova et al. 2005a,b).
Recently, it was demonstrated in in vivo studies that
enhanced expression of antioxidative and antiapoptotic
gene products may participate in the mechanisms of
tolerance to hypoxia induced by such preconditioning
(Stroev et al. 2004, 2005, Rybnikova et al. 2006).
Moreover, our previous experiments using the model
of anoxic challenge of brain slices and their rapid in
vitro preconditioning showed that acute prolonged
anoxia (10 min) induces significant disturbances in



neuronal calcium metabolism, mainly mediated by
NMDA receptors, and that short preconditioning anox-
ia (2 min) reduces this effect (Semenov et al. 2000,
2002). The present study used a combination of the in
vivo model of SH alone or preceded by precondition-
ing with MH, with in vitro tests using cortical slices.
The fluorimetric methods used for evaluating calcium
dynamics in brain slices have been described in detail
and discussed previously (Semenov et al. 2000, 2002).
As has been repeatedly demonstrated in the control
experiments, the results of calcium measurements
using both setups utilized in this study do not differ.

The results of our control experiments confirmed
some well-known properties of glutamate receptor cal-
cium signaling and calcium homeostasis in neurons.
Under standard experimental conditions, stimulation
of brain slices with glutamate induced an increase in
intracellular levels of Ca, resulting from the influx of
extracellular Ca*" into neurons and mobilization of
intracellular stores. With such non-selective stimula-
tion of both ionotropic and metabotropic glutamate
receptors, the influx of calcium to neurons predomi-
nates, leading to enhanced accumulation of Ca*" in the
intracellular stores and to a rise in Ca,. Our data also
demonstrated a significant reduction in Ca, and particu-
larly Ca, responses to the second application of
L-glutamate, suggesting some deactivation of the
receptors involved. Although the customary interpreta-
tion of this phenomenon suggests a neuronal origin of
calcium responses to glutamate, it should be noted that
glial cells are known to express both ionotropic and
metabotropic glutamate receptors and respond to the
application of agonists with increases in intracellular
Ca’* (Cai and Kimelberg 1997, Latour et al. 2001). So
to some extent, the calcium responses recorded in this
study can be attributed to glial cell signals.

As mentioned above, the response to L-glutamate,
a universal and nonselective agonist of excitatory
amino acid receptors, represents the sum of the respons-
es of many types of glutamate receptor. In this study,
the nature of calcium transients evoked by glutamate
was examined using selective agonists of ionotropic
and metabotropic glutamate receptors. Both NMDA
and AMPA, like L-glutamate, induced increases not
only in Ca, but also in Ca,. These effects may reflect
the influx of extracellular Ca** into neurons and its
accumulation in intracellular stores. It is noteworthy
that the calcium responses evoked by the first and sec-
ond application of NMDA were equal, whereas the
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second response to AMPA was significantly less pro-
nounced than the first, suggesting deactivation of these
receptors. These differences in the properties of two
ionotropic glutamate receptors have been described
previously in electrophysiological studies (for a review
see MacDonald et al. 1998, Monaghan et al. 1998).
NMDA receptors are well-characterized ligand-gated
calcium channels that are highly permeable to calcium
ions (McDermott et al. 1986, Mayer and Westbrook
1987), and therefore the occurrence of vivid calcium
transients after the application of this agonist is not
surprising. In contrast, AMPA channels with the stan-
dard heteromeric subunit composition, i.e. containing
GluR2 subunits, are generally permeable to monova-
lent cations, and not to calcium (Geiger et al. 1995).
The induction of Ca, and Ca; responses in rat cortical
slices by AMPA may be partly explained by the pres-
ence of a proportion of AMPA receptors which are
permeable to calcium. On the other hand, it was recent-
ly shown that the majority of cortical GABA-ergic
interneurons, similarly to efferent pyramidal neurons,
can express Ca**-permeable AMPA receptors (Fischer
et al. 2002). This could explain the more pronounced
Ca® response to the first pulse of AMPA, while the
reduced response to its repeated application might be
related to secondary GABA-ergic inhibition of neu-
rons. Another generally accepted view is that under
physiological conditions the majority of the Ca*" influx
that occurs in response to AMPA receptor stimulation
may be due to voltage-sensitive calcium channels or
reversed Na'/Ca* exchangers (Mayer and Miller 1990,
Czyz and Kiedrowski 2002). In either case, stimulation
of the AMPA receptors is the primary event leading
ultimately to calcium influx. In contrast to the effects
of ionotropic glutamate receptor agonists, application
of DHPG, an agonist of group I metabotropic gluta-
mate receptors, resulted in transient decreases in Ca,
accompanied by symmetrical increases in Ca,. The
group I mGlu receptors are known to be coupled to
phospholipase C and to [P3-mediated calcium release
from the endoplasmic reticulum (Conn and Pin 1997).
The observed pattern of calcium following DHPG
application may be ascribed to mobilization of Ca*
from intracellular stores. Contribution of the second-
arily activated calcium influx via e.g. capacitative
channels or NMDA receptors is also possible.

To study the effects of SH, with or without precon-
ditioning, on calcium responses we focused on chang-
es in Ca,. This was because the initial control experi-
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ments characterizing the interrelationship between Ca,
and Ca, showed that changes in Ca, more accurately
reflect the calcium load of the cells, the major factor
that determines calcium-mediated neuronal damage.
In the present study we do not discriminate between
different sub-pools of the bound calcium measured
using CTC-Ca fluorescence. However changes in Ca,
could be interpreted as changes in the mitochondrial
and ER bound calcium. Again, possible redistribution
of calcium from mitochondria to ER and vice versa
escapes our measurements. Our data demonstrated
that the response of Ca, to stimulation with L-glutamate
was significantly potentiated in brain cortical slices
prepared from rats 24 h after one episode of SH. The
calcium response to the second application of this
agonist was particularly increased. This facilitation of
Ca, responses seems to be quite a late posthypoxic
event because shorter intervals after hypoxia (3 or
6 h) tested previously showed strongly suppressed
responses to the same dose of exogenous L-glutamate
(Miller et al. 2003). Preconditioning with three ses-
sions of MH was found to significantly but incom-
pletely reduce the alterations in the Ca, response to
glutamate induced by SH.

To consider the mechanism by which precondi-
tioning acts to protect calcium homeostasis, we stud-
ied responses of Ca, to NMDA, AMPA and DHPG in
cortical slices prepared from animals 24 h after SH or
MH + SH. The effects of SH on the response of Ca,
to repeated NMDA application was to reduce these
responses, particularly to the second application of
this agonist. Thus, modification of the responsiveness
of NMDA receptors does not explain the enhanced
increases in Ca, in glutamate-treated cortical slices
from rats surviving severe hypoxia. This post-hypox-
ic inhibition of calcium signals mediated by NMDA
receptors was surprising. The NMDA receptor is gen-
erally thought of as the most prominent ligand-gated
calcium channel in hypoxic or posthypoxic brain
pathology induced by neuronal calcium overload
(Choi 1988, Lee et al. 2000, Toescu 2004, Bano and
Nicotera 2007). Previously, we found that 24 h after
severe transient ischemia the NMDA-evoked cur-
rents in hippocampal pyramidal neurons were sig-
nificantly reduced, but at the same time AMPA-
evoked currents were facilitated (Tsubokawa et al.
1995). The observed suppression of NMDA receptors
by SH was prevented by hypoxic preconditioning. At
present it is difficult to speculate about the mecha-

nisms of NMDA receptor inhibition after SH, and
how preconditioning prevents this. One possible
explanation may be interference, by NO-related spe-
cies produced in the brain during and after severe
hypoxia, with cysteine residues of the NMDA recep-
tor subunits, resulting in decreased Ca** permeability
of the NMDA channel (Lipton 1999). In contrast to
the effect of NMDA application on Ca,, a second
pulse of AMPA induced a significant enhancement of
the Ca, responses, indicating that SH results in
reduced deactivation of these receptors. Hypoxic pre-
conditioning prevented these changes. The enhance-
ment of glutamate receptor-mediated responses and
particularly of AMPA-evoked currents has been
described in hippocampal neurons of rats surviving
severe forebrain ischemia. Moreover, the antagonism
of these receptors prevented CA1 neuronal injury
(Buchan et al. 1991, Li and Buchan 1993). This
rather complex mechanism might be tentatively
explained by inhibition of the deactivation of this
receptor. Some role in these processes for oxidative
stress, oxygen radicals and NO seems highly proba-
ble (Stroev and Samoilov 2006). Furthermore, it is
known that ischemic insults modify the subunit com-
position of AMPA receptors, suppressing expression
of the GluR2 subunit which regulates permeability of
Ca’", while ischemic preconditioning prevents expres-
sion of AMPA receptors lacking GluR2 (Tanaka et al.
2002). To sum up, our data indicate that the increased
responsiveness of AMPA receptors after SH may par-
ticipate in enhancing calcium responses to glutamate,
and these changes are prevented by preconditioning.

The most unexpected result of this study concerns
the altered responses to stimulation of group I mGlu
receptors by DHPG in cortical slices prepared from
rats subjected to SH. Rather than the DHPG- induced
decrease in Ca, observed in control slices, we detected
the reversal of this effect after hypoxia i.e. increases
in Ca,. These SH-evoked alterations were completely
prevented by preconditioning. Similar responses were
observed in cortical slices upon application of gluta-
mate or agonists of ionotropic glutamate receptors,
suggesting that they may reflect the influx of Ca* into
neurons and its accumulation in intracellular stores,
mainly in mitochondria and ER. This accumulation
should be sufficiently large to override a decrease in
Ca, accompanying mobilization of calcium from
intracellular stores. Thus, SH completely changed the
pattern of calcium responses to activation of group I



mGlu receptors. Evidently, under these pathological
conditions the classical functional unit observed in
the control slices has been supplemented by activation
of the plasmalemmal calcium channels. The interrela-
tionship between group I mGlu receptors and ionotro-
pic glutamate receptors or other receptors and chan-
nels has been demonstrated in several studies
(Bandrowski et al. 2001, Pisani et al. 2001, Weber et
al. 2001, Benquet et al. 2002, Blaabjerg 2003, Kotecha
et al. 2003, Toescu 2004, Kelly et al. 2005). We pro-
pose that NMDA and AMPA receptors as well as
TRP-channels and store-operated channels (SOCs/
SMOCs) might respond to stimulation of group I
mGlu receptors in brain cortical slices obtained from
SH-treated animals. In the present study simultaneous
measurements of Ca, and Ca; were performed only in
the cortical slices of control rats (data presented on
Fig. 1), while in experiments concerning the effects of
SH or MH+SH on calcium homeostasis we focused
exclusively on measuring changes in Ca,. Our further
experiments, especially concerning involvement of
group I mGluRs will be aimed at changes in Ca, as
well, which should verify our explanation presented
above. Moreover identification of the calcium stores
(ER vs. mitochondrial) and of the channel(s) involved
in Ca*" influx into neurons upon activation of group I
mGlu receptors are major goals of our future studies.
The prevention of these SH-induced changes in cal-
cium signaling by hypoxic preconditioning seems to
be one of the mechanisms of induced tolerance to
hypoxia. Hypoxic preconditioning is likely to involve
the induction of antioxidative and antiapoptotic pro-
teins (Rybnikova et al. 2006, Stroev and Samoilov
20006).

CONCLUSION

In this study we have identified hypoxia-induced
abnormal reactivity of glutamatergic receptors in rat
cortical slices, including suppressed deactivation of
AMPA receptors and alterations in functional coupling
of group I mGlu receptors with calcium channels.
These changes may lead to potentially injurious exces-
sive and sustained Ca** entry into neurons.
Preconditioning of animals with mild hypoxia pre-
vented these changes. We suggest that protection of
normal glutamategic calcium signaling is among the
mechanisms of tolerance to hypoxia induced by pre-
conditioning.
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