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Abstract The study assessed involvement of Ca2? sig-

naling mediated by the metabotropic glutamate receptors

mGluR1/5 in brain tolerance induced by hypoxic precon-

ditioning. Acute slices of rat piriform cortex were tested

1 day after exposure of adult rats to mild hypobaric

hypoxia for 2 h at a pressure of 480 hPa once a day for

three consecutive days. We detected 44.1 ± 11.6 % sup-

pression of in vitro anoxia-induced increases of intracel-

lular Ca2? levels and a fivefold increase in Ca2? transients

evoked by selective mGluR1/5 agonist, DHPG. Western

blot analysis of cortical homogenates demonstrated a

11 ± 4 % decrease in mGluR1 immunoreactivity (IR), and

in the nuclei-enriched fraction a 12 ± 3 % increase in IR

of phospholipase Cb1 (PLCb1), which is a major mediator

of mGluR1/5 signaling. Immunocytochemical analysis of

the cortex revealed increase in the mGluR1/5 and PLCb1

IR in perikarya, and a decrease in IR of the neuronal

inositol trisphosphate receptors (IP3Rs). We suggest that

enhanced expression of mGluR5 and PLCb1 and potenti-

ation of Ca2? signaling may represent pro-survival upreg-

ulation of Ca2?-dependent genomic processes, while

decrease in mGluR1 and IP3R IR may be attributed to a

feedback mechanism preventing excessive intracellular

Ca2? release.

Keywords Calcium � GI mGluRs signaling � Hypobaric

hypoxia � Preconditioning

Introduction

Preconditioning of animals in vivo with episodes of mild

hypoxia or ischemia of different forms, including mild

hypobaric hypoxia (MHH), induces tolerance to subse-

quent severe hypoxia/ischemia and provides long-lasting

morphological and behavioral neuroprotection [1–7]. This

tolerance is accompanied by beneficial changes in the brain

glutamatergic signaling that prevent excessive pathogenic

up-regulation of Ca2? transients induced by severe hypoxia

[8]. However, the mechanisms of the delayed and long

lasting tolerance to injurious hypoxia induced by hypoxic

preconditioning are not sufficiently clear. Moreover dif-

ferent models of hypoxic preconditioning may have

specific features.

Induction of tolerance uses complex signaling machin-

ery. It is known from the literature that hypoxic or ischemic

preconditioning increases the expression in the brain of the

immediate early genes and different survival factors,

including heat shock protein HSP70, antioxidants and

antiapoptotic factors Bcl-2/Bclx1 and neuroprotective pep-

tides [7, 9–14].
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Hypoxia-inducible factor HIF1a [15–17] and transcrip-

tion factors c-Fos, NGFI-A, pCREB and NFkB [18–21]

have been suggested to be the main factors involved in

preconditioning with ischemic as well as normobaric or

hypobaric hypoxia. The majority of these mechanisms are

initiated by Ca2? dependent signal cascades, while the

IP3R-mediated Ca2? release (IICR) is an important source

of Ca2? supporting these activities. Consequently, there are

grounds to expect that group I metabotropic glutamate

receptors (GI mGluRs) and the PLC/IP3R/IICR-mediated

branch of their canonical signaling might be involved in

neuroprotective transcriptional brain responses to hypoxic

preconditioning.

The effects of neuroprotective hypoxic procedures

in vivo, and in particular of MHH, on the levels of pro-

teins involved in the GI mGluRs-mediated Ca2? signaling

cascade in the brain cortex remains poorly understood.

Sommer et al. [22] found no significant effect of in

in vivo preconditioning with 2.5 min global forebrain

ischemia on GI mGluRs expression in CA1 neurons of the

Mongolian gerbil. Conversely, our previous studies

demonstrated significant decreases in the intracellular

membrane-bound Ca2? level evoked by pharmacological

stimulation of GI mGluRs in acute cortical slices obtained

from rats submitted to preconditioning mild hypobaric

hypoxia, which suggests potentiation of GI mGluR-me-

diated Ca2? signaling [23, 24]. Interestingly, the phar-

macological preconditioning of brain slices or primary

neuronal cultures from adult rat brains with (S)-3,5-di-

hydroxyphenylglycine (DHPG), which is a selective

agonist of GI mGluRs, was shown to induce tolerance to

oxygen/glucose deprivation and to brain ischemia, sug-

gesting that GI mGluRs may mediate the mechanisms of

preconditioning [25–29]. However, it is important to dif-

ferentiate between sensors or transducers involved in the

induction of tolerance during the initial minutes to hours

of preconditioning and those effectors which underlie

tolerance over several days [16]. Here we focus on the

latter.

The aim of this study was to evaluate the effects of

hypoxic preconditioning on the GI mGluRs/PLC/IP3Rs/

Ca2? signal transduction pathway in the rat brain cortex

and to determine whether the results conform to the

hypothesis that GI mGluRs plays an instrumental role in

induced brain tolerance. We investigated the effects of

submitting the adult rats to MHH preconditioning.

Changes in the levels of intracellular Ca2? (Cai
2?)

induced by in vitro anoxia or by application of the GI

mGluRs agonist DHPG were measured in acute slices of

piriform cortex. Moreover, protein expression of GI

mGluR subtypes, PLCb1 and IP3Rs was determined in

this cortical region.

Materials and Methods

Animals

Adult male Wistar rats weighing 200–240 g were used.

The animals were bred in the animal colony of the Mos-

sakowski Medical Research Centre, Polish Academy of

Sciences in Warsaw and in the Pavlov Institute of Physi-

ology vivarium in Saint Petersburg. Rats were fed and

watered ad libitum and kept on 12:12 h dark–light cycle at

room temperature with constant humidity of approximately

60 %. Animal experiments were carried out according to

domestic regulations and the European Community

Council Directive of 24 November 1986 (86/609/EEC).

Experimental protocols were approved by the local ethical

committees.

Materials

Chemicals used were as follows: a selective mGluR1/5

agonist DHPG, the ratiometric calcium-sensitive fluores-

cent probe fura 2-AM and dimethyl sulphoxide (DMSO)

were purchased from Sigma Chemical Co. (St. Louis, MO,

USA). The following antibodies were used for immuno-

histochemistry: rabbit polyclonal antibodies against

mGluR1 and mGluR5 (both 1:100) supplied by AbCam

UK, antibodies against IP3R1 and PLCb1 (both 1:50) and

Rabbit ABC Staining System kit produced by Santa Cruz

Biotechnology, Inc. USA, while secondary biotinylated

antibodies (1:200), as well as Vectastain ABC Elite kit and

3,3-diaminobenzidine peroxidase substrate kit (1:100) were

provided by Vector Laboratories USA. Chemicals for

immunoblotting: rabbit polyclonal antibodies against

mGluR1 (1:1000), secondary polyclonal antibody conju-

gated with alkaline phosphatase (1:5000) and antibodies

against actin-b (1:100) were products of Sigma, USA,

antibodies against GluR5 (1:2000) (UpState USA) and

against PLCb1 (1:200) were purchased from Santa Cruz

Biotechnology, Inc. USA, and alkaline phosphatase kit III

was from Vector Laboratories, USA.

Mild Hypobaric Hypoxia

Rats were exposed to hypobaric hypoxia in a 50 l ‘‘vac-

uum’’ box. The pressure inside the chamber was gradually

reduced with pauses of a few minutes after every 133 hPa

decrement. To avoid significant shifts in the pO2, pCO2,

humidity and temperature during hypobaric exposure, the

chamber was ventilated without pressure decrement. The

rats were subject to hypobaric MHH sessions for 2 h at

480 hPa (equivalent to 5000 m asl), after which the pres-

sure in the chamber was gradually restored to atmospheric.
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To induce hypoxic tolerance, the MHH sessions were

applied once a day for three consecutive days. Control

animals were submitted to the same procedures without

hypobaric treatment. One day after the last session of

MHH, or the sham procedure, the animals were anes-

thetized with chloral hydrate and decapitated. Their brains

were rapidly removed for the preparation of acute cortical

slices or for performing immunochemical and immunocy-

tochemical analyses.

Piriform Cortex and Its Acute Slices

The histological preparations of piriform cortex were used

for immunochemical analyses and the acute ex vivo slices

were utilized for testing Ca2? transients as in our previous

papers [2, 3, 8, 23, 24, 30]. The piriform cortex was chosen

because this structure—as well as the hippocampus, the

cerebellum and the amygdala—is highly vulnerable to

excitotoxicity and hypoxic damage [31]. Three types of

glutamatergic neurons are distributed throughout layers II

and III [32, 33] and the postsynaptic neurons of these layers

are thought to be rich in GI mGluRs [34].

In ex vivo experiments the removed brains were bathed

in ice-cold artificial cerebro-spinal fluid (ACSF), contain-

ing 124 mM NaCl, 5 mM KCl, 2.6 mM CaCl2, 1.24 mM

KH2PO4, 1.3 mM MgSO4, 30 mM NaHCO3, 10 mM glu-

cose, pH 7.4 and equilibrated with O2. Tangential slices

(400 lm) microtomed from piriform cortices, placed

between -1 and ?2.5 mm from bregma, were mounted on

net holders and placed in spectrophotometric quartz cells of

1.5 ml volume equipped with a mini perfusion system

made in our laboratory. A peristaltic pump was used to

perfuse ACSF buffered additionally with 24 mM Tris–HCl

(pH 7.4) at a temperature of 37 �C through the system at a

rate of 1.2 ml/min. Before measurements the slices were

allowed to recover under these conditions for 2.5 h.

Measurement of Changes in Intracellular Ca21

Levels Induced by In Vitro Anoxia or DHPG

Application

Relative changes in Cai
2? were measured as described

previously [30] using the ratiometric calcium-sensitive

fluorescent probe fura-2. After preincubation with 3.3 lM

fura-2/AM, the levels of fura-2 fluorescence intensity was

measured at 340 and 380 nm excitation and 510 nm

emission wavelengths, using a Hitachi F-2000 spectroflu-

orimeter (Hitachi, Tokyo, Japan). The measurements were

corrected for autofluorescence, and, after normalization,

the ratio of fluorescence induced by excitation at wave-

lengths of 340 nm to those of 380 nm was calculated [8,

30]. Changes in this fluorescence ratio, corresponding to

changes in Cai
2?, were presented as the percentage of the

baseline fura-2 fluorescence. In addition, to more precisely

evaluate the effects of the treatments on calcium transients,

the cumulative rise in fura-2 fluorescence over the basal

level was calculated within fixed timeframes following

anoxia or DHPG application. To evaluate the long-term

neuroprotective efficacy of in vivo preconditioning with

MHH, and to provide positive control to pharmacologi-

cally-induced calcium transients (see below), slices of

control and preconditioned animals were submitted to

anoxia in vitro. Anoxic conditions were induced by

replacing the oxygen-containing superfusion fluid for

10 min with the medium previously saturated with N2,

which was followed by restoration of the normoxic

superfusion. Our previous studies demonstrated that this

test procedure is a potent stimulus, inducing a sustained

injurious Ca2? overload in cortical slices of control animals

[30]. To induce GI mGluRs-mediated Ca2? transients,

DHPG was applied via the superfusion medium to cortical

slices of control and preconditioned animals at a final

concentration of 100 lM twice, each for 2 min with a

40 min interval.

Immunocytochemical Detection of GI mGluR

Subtypes, IP3Rs and PLCb1

Iimmunoreactivities (IR) of mGluR1, mGluR5, IP3Rs and

PLCb1 proteins were detected in piriform cortex collected

24 h after preconditioning or sham procedures (5–7 ani-

mals in each group). The rats were decapitated and brains

were rapidly excised and fixed in 4 % paraformaldehyde in

0.1 M PBS (pH 7.3) for 24 h. Samples were then paraf-

finized and sectioned according to a routine histological

protocol. The 7 lm sections, taken around a line -2.8 mm

from the bregma, were deparaffinized and incubated

overnight at ?4 �C with polyclonal rabbit antibodies

against rat mGluR1, mGluR5, IP3Rs or PLCb1. The sec-

tions were further processed using the rabbit ABC Staining

System kit according to the standard protocol.

Diaminobenzidine was used as a chromogenic substrate to

visualize the immunopositive cells. Sections were mounted

and assayed with an image analysis system consisting of a

light microscope (Carl Zeiss, GmBH, Berlin, Germany),

digital camera (Baumer Optronic, GmBH, Radeberg,

Germany) and ImageJ MacBiophotonic software (NIH,

Bethesda, MD, USA). GI mGluRs expression was quanti-

fied in neuronal cell bodies and in the neuropil, which is

rich in synaptic endings. Standard fields of piriform cortex

seen under 209 objective were outlined in layer II and III

separately and their average optical density was measured

against background. The obtained values were presented as

the percentage of values measured in white matter. The

IP3Rs immunoreactive cells were automatically quantified

in fields of 400 9 80 lm for layer II and 400 9 160 lm
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for layer III. All the immunopositive cells were divided

into two classes. Slightly labeled (class 1), was formed by

objects ranged within 3 and 12 arbitrary units of grey scale

above the background, and highly labeled (class 2) inclu-

ded objects with the staining intensity above 12 units.

Values obtained from two fields in each hemisphere were

averaged for each section. A similar approach was used to

quantify the PLCb1 immunopositive neurons, and, sepa-

rately, their nuclei.

Western Blot

The quantitative Western blot analysis of the expression of

mGluR1, mGluR5 and PLCb1 proteins was performed in

homogenates of piriform cortex of control and MHH

treated animals. Cortical samples of 5–6 animals were

prepared for each group as described by Wang et al. [35].

Briefly, the cortices from both hemispheres were collected

24 h after MHH or sham procedure and homogenized in a

glass-Teflon homogenizer in ice cold buffer containing

25 mM trisHCl, 0.32 M sucrose and 1:100 v/v Protease

Inhibitor Cocktail for general use (Sigma-Aldrich), con-

taining 2 mM AEBSF, 0.3 lM Aprotinin, 116 lM Bes-

tatin, 14 lM E-64, 1 lM Leupeptin and 1 mM EDTA, pH

7.4. After protein determination using the Bradford protein

assay (Bio-Rad) [36], each sample (50 lg of protein) was

subjected to 7 % SDS-polyacryl-amide gel electrophoresis.

Samples were then transferred to nitrocellulose membranes

and were blocked by 5 % milk-TBS containing 1 % Tween

20 (TBST). The membranes were incubated overnight with

primary rabbit monoclonal antibodies against mGluR1,

mGluR5, PLCb1, or b-actin proteins, the latter in order to

control the amounts of protein loaded onto the gel. After

washing in TBST, the membranes were incubated for 2 h

with monoclonal anti-rabbit conjugated secondary anti-

bodies diluted in 2 % milk-TBST solution. The membranes

were then washed with TBST and TBS and the IR was

detected by alkaline phosphatase substrate kit III. The IR of

PLCb1 was determined in native homogenates as well as in

their nuclei-free supernatants, which were obtained by

centrifugation of the native homogenates at 10009g for

10 min. Bands were scanned using Image Scanner II with

Labscan 6.0 software (GE Helthcare Bio-Sciences, Upp-

sala, Sweden) and quantyfication was performed using

image analysis software ImageQuant TL, Amersham Bio-

sciences, Uppsala, Sweden.

Statistical Analysis

The results are presented as mean ± SEM. The statistical

significance of differences between means taken at

p\ 0.05 was tested using Student t test statistics. The

number of rats per experimental group was 6–9.

Results

MHH Preconditioning In Vivo Differentially

Modifies Calcium Transients In Cortical Slices

Induced by In Vitro Anoxia and Application of GI

mGluRs Agonist

In the initial experiment we studied effects of preconditioning

of rats with in vivo MHH on increases in Cai
2? in brain slices

induced by in vitro anoxia. As shown in Fig. 1, application of

10 min anoxia to control cortical slices induced 32.3 ± 0.6 %

rise in Cai
2?, with a rapid decrease almost to the baseline within

10–15 min of reoxygenation. This was followed by the sec-

ondary increase in Cai
2? of 18.9 ± 0.6 % above baseline after

60 min of normoxic perfusion. MHH preconditioning reduced

to 13.8 ± 0.9 % the pick level of the anoxic increase in Cai
2?

and also diminished the maximal secondary postanoxic rise in

Cai
2? to 9.8 ± 0.6 %. The mean anoxia-evoked cumulative

increase in fura-2 fluorescence during 10 min of anoxia and

60 min of reoxygenation was significantly (p\0.05) reduced

after MHH preconditioning to only 438 ± 51 % (Fig. 1, area

under solid line) compared to the control values of

783 ± 48 % (Fig. 1, area under dotted line), that indicates that

MHH suppresses the calcium overload induced by anoxic test.

In subsequent experiments the cortical slices of the con-

trol and MHH preconditioned rats were submitted to the

pharmacological stimulation of GI mGluRs. As presented in

Fig. 2, repeated application of 100 lM DHPG to the

superfusion medium induced relatively slight (1–2 %) and

transient increases in Cai
2? in the cortical slices of control

rats. These calcium transients evoked by administration of

DHPG were significantly potentiated in slices collected

from the rats 24 h after MHH. The cumulative mean

increase in fura-2 fluorescence induced after MHH by the

Fig. 1 In vitro anoxia-evoked changes in intracellular calcium level

in acute slices of rat piriform cortex of control (dotted line) and MHH

preconditioned (solid line) animals. Black bar shows the time of

anoxia. Values represent mean ± SEM (n = 8 for each curve). The

differences between control and MHH values are significant

(p\ 0.05) at all time points except of 10, 15, 25 and 30 min
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first DHPG treatment (Fig. 2, area under solid line taken

between 0 and 42 min) was 207.7 ± 19.4 %, and this value

was significantly (p\ 0.05) higher than 40 ± 8.3 %

increase observed in control slices (Fig. 2, area under dotted

line in the same time window). Thus, present data indicate

that MHH enhances GI mGluRs signaling resulting in

potentiation of the induction of calcium signals.

MHH Preconditioning Modifies Expression of GI

mGluRs Proteins in Rat Piriform Cortex

Microscopic observations of the control rat cortex demon-

strated uniform distribution of mGluR1 and mGluR5 IR in

neuropil, contrasting with low IR in cell bodies (Fig. 3).

Comparison of the mGluR1/5 IR in piriform cortex of

control and MHH-pretreated groups of rats revealed no

obvious differences in neuropil, but did show increased IR of

both GI mGluRs subtypes in cytozol and/or perinuclear

regions in a portion of cells. Panels b, d, f, h of Fig. 3 show

representative pictures of increased somatic IR of both GI

mGluR subtypes after MHH in layer II. In addition, in

homogenates of piriform cortex of control and MHH-treated

rats the total protein levels of GI mGluR subtypes were

determined by Western blotting. Figure 4 shows represen-

tative blots (a) and the results of densitometric analysis of all

the blots (b). The samples from the MHH-treated group

showed a statistically significant (p\ 0.05) decrease of

mGluR1 IR to 88.9 ± 4.1 %, whereas the decrease in

mGluR5 IR was not significant (Fig. 4).

MHH Preconditioning Increases Expression

of PLCb1 but Decreases Protein Levels of IP3Rs

in Rat Piriform Cortex

In cortical slices of control rats the immunocytochemically

assayed PLCb1 protein had a typical plasmolemmal

distribution (Fig. 5a, c). After MHH, PLCb1 IR increased

inside the cell bodies (Fig. 5e). In cortical layer II of the

control rats morphometric analysis revealed low PLCb1 IR

in 64 ± 9 % of neurons, with those remaining representing

high IR, while in the same cortical layer of MHH-pre-

treated rats 67 ± 7 % of neurons presented high cyto-

plasmic PLCb1 IR (Fig. 5e). Control cortical preparations

showed very low nuclear location of PLCb1 IR in all the

neurons; however, in MHH-pretreated rats 69 ± 4 %

(layer II) and 48 ± 5 % (layer III) of neurons showed

PLCb1 IR in the nuclei (Fig. 5f). These differences

between control and MHH-pretreated rats in the intensity

and location of PLCb1 IR were statistically significant

(p\ 0.05).

Western blots representing expression of PLCb1 protein

in full homogenates of cortical samples (Fig. 6) showed a

12 ± 3 % increase in the level of this enzyme’s protein in

MHH-preconditioned rats (p\ 0.05). This effect com-

pletely disappeared after centrifugation of homogenates

and subsequent blotting of their ‘‘nuclei-free’’ fractions

(Fig. 6b), supporting observations of Fig. 5 that an increase

in PLCb1 IR occurs in the nuclear fraction.

As shown in Fig. 7, in the preparations of control ani-

mals the IP3Rs IR was generally revealed in cell bodies

and proximal parts of dendritic stems contrasting to neu-

ropil. The preparations of MHH-pretreated animals show a

decrease of the IR, especially in dendritic stems and

peripheral somatic regions (Fig. 7a). Morphometric anal-

ysis of the control preparations demonstrated equal pro-

portions of neurons with low and high IP3Rs IR in layer II,

whereas in layer III, 72 ± 8 % of neurons presented low

IP3Rs IR. After MHH, the percentage of cells with high IR

(class 2) decreased significantly (p\ 0.05) to 24 ± 6 % in

cortical layer II, with a corresponding increase of neurons

with low IR. A similar trend noticed in layer III was sta-

tistically insignificant (Fig. 7b).

Discussion

The results of this study demonstrate that MHH precon-

ditioning in vivo reduces Ca2? transients induced by

in vitro test anoxia in cortical slices, but potentiates DHPG-

evoked increases in Cai
2?. Immunocytochemical examina-

tion of piriform cortex in the MHH-treated group showed

relative increases in the portion of neurons with high

mGluR1, mGluR5 and PLCb1 IR in soma or perikaryon.

Western blotting of homogenates of piriform cortex in

MHH-preconditioned rats shows a decrease in mGluR1 and

an increase in PLC b1 protein levels; the latter effect being

dependent on the presence of nuclei in homogenate. We

consider these results to be compatible with the hypothet-

ical role of GI mGluR signaling in the mechanisms of brain

Fig. 2 In vitro DHPG (100 lM)-evoked changes in intracellular

calcium level in acute slices of rat piriform cortex of control (dotted

line) and MHH preconditioned (solid line) animals. Black bars show

duration of DHPG application. Values represent mean ± SEM

(n = 7 for each curve). The differences between control and MHH

values are significant (p\ 0.05) starting with 7th minute
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tolerance induced by MHH preconditioning. In turn a

decrease in IP3R IR found in piriform cortex of the pre-

conditioned group, may be attributed to negative feedback

mechanisms preventing excessive IICR.

In the present study, we have used a well characterized

model of preconditioning with episodes of MHH repeated

over 3 days. Many previous studies have demonstrated that

MHH applied for pre- and postconditioning provides neu-

roprotection which is detectable in in vivo, ex vivo and

in vitro tests [3–5, 7, 10, 11, 13, 14, 20, 21, 37]. Here we

utilized cortical slices and the ratiometric calcium sensitive

fluorescent probe fura-2 for measuring Ca2? transients

evoked by anoxia or pharmacological stimulation of

mGluR1/5. Previously, we used the same in vitro system,

often supplemented with the application of the fluorescent

probe chlortetracycline, which shows the level of intra-

cellular bound calcium (Cab)—in studies characterizing

Ca2? transients induced by anoxia or glutamate receptor

agonists [8, 23, 30, 38].

The results of this study demonstrate for the first time a

significant suppression by MHH preconditioning in vivo of

the primary and secondary increases in Cai
2? induced by

in vitro test anoxia (Fig. 1). This result resembles the

Fig. 3 Effect of MHH

preconditioning on mGluR1 and

mGluR5 immunoreactivity in

principal neurons of piriform

cortex. Representative

photomicrographs of

immunoreactivity of mGluR1

(a–d) and mGluR5 (e–h) in

preparations obtained from

control (a, b, e, f—CONTROL)

or MHH treated (c, d, g, h—

MHH) rats. Scale bar 50 lm for

a, c, e and g see on e. Scale bar

10 lm for b, d, f and h see on

f. Bottom panel represents

densitometric quantification of

mGluR1 (i) and mGluR5

(j) immunoreactivity in neuropil

of layers II and III (nII and nIII

columns, respectively) and cell

bodies of layer II (cbII columns)

in preparations of MHH treated

(MHH) and sham (CONTROL)

rats. Values represent

mean ± SEM (n = 6 for each

column). Asterisks mark result

significantly different from

control

Fig. 4 Effect of MHH preconditioning on immunoreactivity of

mGluR1 and mGluR5 in total cortical homogenates. a Representative

Western blots, b results of the densitometric quantification. Values

represent mean ± SEM (n = 5–6 for each column). Asterisk marks

result significantly different from control
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protective effects of a rapid in vitro preconditioning with

short 2-min anoxia which we observed previously [30], and

is also consistent with previous works showing that

ischemic preconditioning ameliorates excitotoxicity by

down-regulating ionotropic NMDA- and AMPA-sensitive

Fig. 5 Effect of MHH preconditioning on PLCb1 immunoreactivity

in principal cortical neurons. Representative photomicrographs of

PLCb1 immunoreactivity in preparations obtained from control (a,

c—CONTROL) and MHH treated (b, d—MHH) rats. Scale bars

50 lm (on a) for a and b and 10 lm (on c) for c and d. Bottom panel

represents percentage of cell numbers in layers II and III with low and

high degree of cytoplasmic (e) or nuclear (f) IR (1 and 2 classes,

respectively) in control and MHH preparations. Values represent

mean ± SEM (n = 5–7 for each column). Asterisks mark results

significantly different from corresponding controls

Fig. 6 Effect of MHH preconditioning on PLCb1 immunoreactivity

in cortical homogenates. a Representative Western blots, b results of

the densitometric quantification of the blots obtained from total

cortical homogenates [PLCb1(t)] and those obtained from cen-

trifuged, nuclei-free homogenates [PLCb1(nf)]. Values represent

mean ± SEM (n = 5–6 for each column). Asterisk marks results

significantly different from control

Fig. 7 Effect of MHH preconditioning on IP3Rs immunoreactivity in

principal cortical neurons. a Representative photomicrographs of

IP3Rs immunoreactivity in cortical preparations obtained from the

control (CONTROL) and MHH treated (MHH) rats. Scale bar 50 lm.

b Percentage of cell numbers with low and high degree of IR (1 and 2

classes, respectively) in layers II and III of piriform cortex. Values

represent mean ± SEM (n = 5–7 for each column). Asterisks mark

results significantly different from corresponding controls
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glutamate receptors [39, 40]. In addition, the current data

support our previous study on the role of NMDA receptor-

mediated Ca2? influx to neurons in mediating anoxia-in-

duced increases in Ca2? in cortical slices [38]. Our data

confirm that MHH preconditioning induces tolerance to

anoxia and protects against the injurious Ca2? overload of

neurons. Furthermore, anoxia-induced increases in Cai
2?

provided a positive control to the experiments where we

measured mGluR1/5 mediated calcium transients in

neurons.

In contrast to that discussed above, where anoxia-in-

duced increases in Cai
2? result, mainly, from Ca2? influx

into cells via NMDA receptors [38], moderate increases in

Cai
2? evoked by administration of the mGluR1/5 agonist

DHPG (Fig. 2) can be attributed to the activation of the

signaling pathway, leading to release of Ca2? from intra-

cellular stores in endoplasmic reticulum (ER). The current

results are consistent with our previous data demonstrating

that application of DHPG to control cortical slices resulted

in an increase in Cai
2? with a corresponding decrease in

Cab, reflecting mobilization of intracellular Ca2? stores [8,

24]. The intracellular origin of Ca2? transients in neurons

challenged with DHPG was also demonstrated directly in

other studies [41]. The present data show significant

potentiation of DHPG-induced increases in Cai
2? in cortical

slices of MHH-preconditioned rats (Fig. 2), and this effect

correlates with previous work showing potentiation of

DHPG-evoked decrease in Cab in slices collected from

animals preconditioned with MHH [24]. Based on these

data we assume that preconditioning with MHH leads to

potentiation of mGluR1/5-mediated signaling in the cortex,

resulting in increased IICR. Bickler et al. [42] described

potentiation of the NAD(P)H-triggered and IP3 receptor-

mediated increase of the intracellular Ca2? concentration

and in phosphorylation of MAP kinases in the organotypic

cultures of the hippocampal slices submitted to hypoxic

preconditioning, which was interpreted as a potent

upstream pro-survival signal for increased expression of

anti-apoptotic genes. There are numerous data indicating

neuroprotective effects of stimulation of GI mGluRs sub-

types [26, 27, 43]. Enhanced expression of transcription

factors and immediate early genes which are involved in

nerve cell survival, have been directly associated with

moderate increases of intracellular Ca2? level mediated by

GI mGluRs [44, 45]. Therefore, facilitation of mGluR1/5-

mediated Ca2? transients, which we have observed here,

may be a component of the mechanism of tolerance

induced by MHH preconditioning.

Considering the possible mechanisms of potentiation of

GI mGluR-mediated Ca2? signaling in the cerebral cortex

of rats preconditioned with MHH, we assessed the levels of

expression and cellular location of mGluR1, mGluRs5,

PLCb1 and IP3Rs proteins using immunochemical

methods. Expression of GI mGluRs proteins in the MHH-

treated group showed a relatively small (11.1 ± 4.1 %)

reduction of mGluR1 IR in Western blotting of the cortical

homogenates (Fig. 4); however, a significant increase in

the number of principal pyramids with high levels of GI

mGluRs (especially of mGluR5) IR in cell bodies and/or

the perinuclear area were observed in the immunocyto-

chemical assays (Fig. 3). Western blotting of the homo-

genates of piriform cortex provides information mainly

about neuropil, which occupies more than 85 % of its

volume, and therefore may not be sensitive enough to

detect changes of intrasomatic expression of GI mGluRs

demonstrated immunocytochemically.

A decrease of mGluR1 protein expression in Western

blotting may reflect internalization of the receptor protein,

triggered by its increased activation. There are known

differences in the mechanisms and intensity of mGluR1

and mGluR5 endocytosis [46, 47], which may explain

uneven changes in the expression of mGluR1 and mGluR5

proteins. The mGluR1 protein may play a major role in

neurodegenerative mechanisms [48–50], whereas mGluRs5

is involved in the prosurvival signaling pathways, includ-

ing expression and accumulation of BDNF [49, 51],

phosphorylation of CREB and Elk-1 [45] and regulation of

the members of the NFkB family [52]. Thus, the shift of

balance between the subtypes of GI mGluR toward

mGluR5 after MHH suggests that mGluR5 and Ca2? sig-

naling mediated by these receptors may be involved in the

mechanisms of preconditioning.

Increased perinuclear GI mGluRs IR after MHH which

was observed in the immunocytochemical examination

may be attributed to the mechanisms of MHH-induced

tolerance. Intraneuronal location of a portion of GI mGluR

proteins in the ER and nuclear membranes is widely rec-

ognized [52, 53]. Possibly, MHH may activate de novo

synthesis of GI mGluRs and their trafficking toward the

nucleus and/or induce direct translocation of the receptors

from synaptic to intracellular sites. This may facilitate

nuclear IP3-mediated signaling using nucleolemmal

PLCb1 and IP3Rs. This supposition is supported by our

immunochemical data, which evidenced increased expres-

sion of nuclear PLCb1 after MHH (see below).

A canonical signaling pathway triggered by stimulation

of GI mGluRs leads to the G protein-mediated activation of

PLC. The results of our immunocytochemical examination

showed a significant increase in the portion of neurons

containing high cytoplasmic and nuclear PLCb1 IR in the

cortical preparations after MHH treatment (Fig. 5). Con-

sistent with this finding, the results of Western blot analysis

demonstrated that the increase in PLCb1 IR was exclusive

to nuclei-containing cortical homogenates of MHH-pre-

conditioned rats (Fig. 6). For PLCb1 immunoassaying

commercial polyclonal rabbit antibody was used, which
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conjugates with both (a) and (b) splice isoforms of the

enzyme; however, only PLCb1(b) is ultimately located in

the nucleus [54]. Our data showing PLCb1 overexpression

in the nuclei-containing, but not in the nuclei-free fraction

of the homogenate, may reflect the activation of a, mainly,

nuclear PLCb1b/IP3/Ca2? signaling pathway, which is

known to contribute to posttranscriptional processing of the

pro-survival gene expression [55]. Overexpression of

PLCb1 and PLCc1 in the brain has been demonstrated after

GI mGluRs activation by their agonist DHPG or by some

antioxidants [43, 56], and this effect has been attributed to

pro-survival cascades protecting cells from death induced

by oxidative or ER stress [57, 58].

Activation of PLCb1 by various neuronal Gq/11 protein-

coupled receptors, including GI mGluRs, is followed by

increased IP3 production (for a review see [59] ), leading to

stimulation of IP3Rs and IICR. The changes in the expres-

sion or location of mGluR5 and PLCb1 proteins in the

cerebral cortex of rats preconditioned with MHH may

explain potentiation of DHPG-evoked Ca2? transients.

Paradoxically, we found the opposite changes of expression

of IP3Rs proteins after MHH, i.e. a decrease in the number of

neurons with high IP3R IR in layers II and III of piriform

cortex (Fig. 7). The mechanism of this effect is unclear.

Down regulation of IP3Rs may result from suppression of

IP3R mRNA and/or protein expression, or from activation of

their degradation [60]. Suppression of IP3R mRNA was

found in brains of rats [61] and gerbils [62, 63] after transient

ischemic insults. Degradation consists of IP3Rs ubiqitina-

tion and proteosomal degradation in ER, which is caused by a

long lasting increase of IP3 and Ca2? levels induced by

agonists of certain types of PLC-linked GPCRs [64].

We propose that MHH-mediated down regulation of

IP3Rs should be attributed to neuroprotective compen-

satory mechanisms, since they may prevent potentially

injurious excessive release of Ca2? to cytosol from the ER

stores. Strictly controlled potentiation of Ca2? signaling,

which plays a crucial role in the mechanisms of adaptive

neuronal plasticity, including induced tolerance to hypoxia

ischemia (for a review see [65] ), must be distinguished

from the excessive and uncontrolled release of Ca2? from

ER in nerve cells and axons which leads to their damage

and death [66]. Therefore, the interpretation of the effects

of MHH preconditioning on the expression of GI mGluRs,

PLCb1, and IP3Rs proteins, and of the expected changes in

the signal transduction pathways mediated by these pro-

teins, should be related to their functional output, i.e. to

alterations in the intracellular Ca2? level and the resulting

survival or death of neurons. Recently, using the same

experimental techniques, we found that submitting not

preconditioned rats to severe hypobaric hypoxia (SHH),

consisting of one 3-h session of 240 hPa (equivalent to

11,000 m asl), which is known to induce brain damage

[14], upregulates PLCb1 IR much more strongly than

MHH, but has no suppressive effect on IP3Rs IR [24]. We

assume that the specific balance between the levels and

activities of mGluRs, PLCb1 and IP3Rs after MHH pre-

conditioning results in moderate increases in Cai
2? leading

to activation of the pro-survival signaling [67], whereas

changes observed after SHH may lead to excessive pro-

duction of IP3 followed by potentially injurious enhance-

ment of IICR to the cytosol and nucleus.

Our data suggests that in vivo MHH may result in

detuning of GI mGluR-mediated Ca2? signaling in the rat

cortex, which is consistent with the hypothesis that GI

mGluRs play a role in the mechanisms of induced brain

tolerance to hypoxia; however, further studies are required

to test this. Amongst other things, the role of mGluR1

versus mGluR5 should be directly tested using the selective

antagonists of these receptors in both in vivo and in vitro

experiments. Furthermore, ex vivo tests should compare

the effect of MHH on hypoxia-sensitive and hypoxia-re-

sistant brain regions.

Our study demonstrates that in vivo preconditioning of

rats with MHH suppresses the anoxia-induced increases in

Cai
2? but potentiates DHPG-evoked Ca2? transients in

cortical slices. Western blot analysis of the homogenates of

piriform cortex showed a decrease in mGluR1 IR and an

increase in PLCb1 IR, which appears to be related to the

nuclear fraction. Immunocytochemical examination

demonstrated relative increases in mGluR5 and PLCb1 IR

in soma or perikaryon and a decrease in IP3R IR in neurons

of piriform cortex. These results are consistent with the

hypothetical role of GI mGluR-mediated Ca2? signaling in

brain tolerance induced by hypoxic preconditioning. The

enhanced expression of mGluR5 and PLCb1 protein in

perikarya and potentiation of Ca2? signaling may represent

pro-survival upregulation of Ca2? dependent genomic

processes, whereas a decrease in mGluR1 and IP3R IR may

be attributed to negative feedback mechanisms preventing

excessive intracellular Ca2? release.
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