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Summary
Na+/Ca2+ exchangers (NCX1, 2 and 3) play relevant role in neural cells, where variations of cytosolic Ca2+ concentration represent
a pivotal event in many physiological and pathological processes. Astrocytes display a type of excitability based on changes in
intracellular Ca2+ concentration.
In the present study, electron microscopic immunohistochemistry was applied to investigate the expression of the three NCX1-3
protein isoforms, in astrocytes of  cerebral cortex and hippocampus. Results showed that a conspicuous population of astrocytic
cells expressed NCX1–3 in both brain areas. Immunolabeling for NCX1-3 was observed in many glial profiles of various size,
notably in distal astrocytic processes in contiguity of synaptic structures, suggesting the involvement of NCX in shaping astro-
cytic [Ca]i transients evoked by adjacent synaptic activity. NCX1-3 immunoreactivities (irs) were expressed in astrocytic mito-
chondria, indicating an important contribution to mitochondrial Ca2+ regulation in this cell type in situ. In addition, all NCX iso-
forms were consistently expressed in perivascular astrocytic endfeet, suggesting an important role in regulating the barrier func-
tion of blood-brain barrier (BBB). Present immunomorphological work showed that in both brain regions all NCX isoforms were
expressed in astrocytes, thus pointing to a widespread role of the three exchangers in maintaining Ca2+ homeostasis in glial cells
and suggesting that distinct NCX isoforms may share analogous physiological roles in the brain in vivo.
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Introduction

Since the initial microscopic studies of the
nervous system, glial cells were considered to
play a simple supportive role for neurons (Perea
and Araque, 2005a). Glial cells and, in particular,
astrocytes play an active role in many functions
of the nervous system (Araque, 1999; Volterra and
Meldolesi, 2005) such as differentiation, prolifera-
tion and trophic support and survival of neurons.

Glial cells display a form of excitability that is
based on variations of the Ca2+ concentration in
the cytosol rather than electrical changes in the
membrane. This excitability may serve as a cellu-
lar information element, which suggest the ability

of glia to play more active roles in the nervous
system (Perea and Araque, 2005a).

New findings have recently proposed the exis-
tence of bidirectional communication between
astrocytes and neurons, where the astrocyte Ca2+

signal plays a crucial role (Simpson and Russell,
1998; Wallace, 1999; Pivovarova et al., 2002;
Gunter et al., 2004; Minelli et al., 2007). 
Na+ -Ca2+ exchanger (NCX) is a plasma membrane
antiporter mainly involved in maintaining cytoso-
lic Ca2+ homeostasis. NCX couples uphill Ca2+

extrusion to downhill Na+ influx (forward mode);
alternatively, it can operate as Na+ efflux-Ca2+

influx pathway (reverse mode), depending on
membrane potential and intracellular ions con-
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centration (Phlipson and Nicoll, 2000; Annunziato
et al., 2004). 

The Na+/Ca2+ exchanger (NCX) participates in
controlling [Ca]i and [Na]i homeostasis in neural
cells. In the central nervous system (CNS), varia-
tions of [Ca]i represent a pivotal event in a variety
of physiological processes, such as neural devel-
opment and synaptic transmission and plasticity,
while deregulation of [Ca]i and [Na]i homeostasis
is involved in neuronal and glial injury occurring
in hypoxia-anoxia conditions and in several neu-
rodegenerative diseases (Lipton, 1999; Annunzia-
to et al., 2004). Therefore, NCX function might
have relevant impacts in all these conditions. In
fact, contribution of NCX to buffering [Ca]i fol-
lowing different stimulation paradigms has been
demonstrated in neurons and astrocytes from var-
ious brain structures both in cultures (White and
Reynolds, 1995; Takima et al., 1996; Hoyt et al.,
1998; Ranciat-McComb et al., 2000; Smith et al.,
2000; Korkation et al., 2004) and in vivo (Fierro et
al., 1998; Goldberg et al., 2003; Kim et al., 2005).
Three genes have been cloned encoding for dis-
tinct NCX isoforms, NCX1-3, all expressed in
adult central nervous system (CNS) (Lee et al.,
1994; Li et al., 1994; Nicoll et al., 1996; Yu and
Colvin., 1997; Minelli et al., 2007).

Here, electron microscopic immunohistochem-
istry has been used to investigate the cellular and
subcellular localization of NCX1-3 isoforms in
cerebral cortex and hippocampus astrocytes of
adult rat in situ. 

Materials and Methods

Rat tissue preparation
Sprague-Dawley adult albino rats weighing 200-

300 grams were used in these studies. Care and
handling of animals were done in compliance
with the regulations of the Ethical Commettee of
the University of Urbino. Rats were deeply anes-
thetized with 12% chloral hydrate and perfused
through the ascending aorta with physiological
saline solution followed by 3,5% paraformalde-
hyde (PFA) and 1% glutaraldehyde in phosphate
buffer (PB, 0.1M; pH 7.4). Brains were removed
and postfixed in 4% PFA for 2-12 h. 30 µm sections
were then cut on a Vibratome in either coronal or
parasagittal plane and collected in phosphate
buffered-saline (PBS).

Antibodies
NCX1 protein was detected by using a commer-

cially-available mouse monoclonal IgG antibody
(R3F1; Swant, Bellinzona, Switzerland)
(Philipson and Nicoll, 2000). For NCX2 protein
detection, a monoclonal IgM antibody (W1C3)
(Thurneysen et al., 2002), obtained by hybridoma
cells, has been used. Finally, NCX3 protein was
detected by a rabbit polyclonal IgG antibody gen-
erously provided by Dr KD Philipson (Thurneysen
et al., 2002). 

Immunoperoxidase procedure
Free-floating sections were pretreated for 30

min in PBS containing 1% H2O2 for quenching
endogenous peroxidase and rinsed for 1 hr in 1%
sodium borhydride in PBS to minimize aspecific
binding due to aldehydic residues. Sections were
then preincubated for 1 hour in 10% non-immune
goat serum (NGS) in PBS, and then incubated
overnight at 4°C in primary antibodies against
NCX1-3 diluted in PBS plus 1% NGS. NCX1 anti-
body was used at concentrations of 1:750, NCX2
at 1:500 and NCX3 at 1:500. The next day, after
several washes in PBS, sections were incubated
first in NGS (10% in PBS for 15 min) and then for
1 hour in the appropriate biotinylated secondary
antibodies: goat anti-mouse IgG, goat anti-mouse
IgM, goat anti-rabbit IgG (for NCX1, NCX2 and
NCX3, respectively; Vector Lab, Burlingame, CA)
diluted 1:200 in PBS plus 1% NGS. After further
rinsing in PBS, sections were processed accord-
ing to the avidin-biotin peroxidase complex pro-
cedure (Vector; PK-6100; 30 min). Finally, the
reaction product was demonstrated by 3’,3-
diaminobenzidine tetrahydrochloryde (DAB; 40
mg/50 mL) with 0.03% hydrogen peroxide. 

Preembedding silver-enhanced immunogold
procedure (SEI)

Sections were incubated with 1% bovine serum
albumin (BSA) in PBS (PBS-BSA), then overnight
in primary antibodies (concentrated as above) in
PBS-BSA. After several washes in PBS-BSA, sec-
tions were incubated for 1hour in the appropriate
secondary antibodies conjugated to 1.4nm col-
loidal gold particles: goat anti-mouse IgG and
goat anti-rabbit IgG for NCX1 and NCX3 detec-
tion, respectively (Nanoprobes, Yaphank, NY),
diluted 1:200 in PBS-BSA with 1% NGS; for NCX2
detection, sections were first incubated for 1 hour
with biotinylated goat anti-mouse IgM secondary
antibody and then for 2 hours with a gold-conju-
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gated goat anti-biotin IgG (Nanoprobes, Yaphank,
NY), diluted 1:200 in PBS-BSA with 1% NGS.
Sections were rinsed in PBS-BSA, then in PBS and
post-fixed in 1% glutaraldehyde alone in PBS (10
min). After a brief washing in deionized water,
colloidal gold labelling was intensified using a sil-
ver enhancement kit (HQ silver, Nanoprobes,
Yaphank, NY) for 3-5 minutes at room tempera-
ture in dark room. Finally, sections were washed
and collected in PB. 

For both immunoperoxidase and immunogold
ultrastructural studies, controls were performed
by omitting primary antisera from immunocyto-
chemical procedure and/or by substituting it with
NGS 10% in PBS-BSA; in these cases, signal was
virtually absent and showed no preferential asso-
ciation with plasma membranes or specific sub-
cellular structures.

Electron microscopy
After completion of the immunohistochemical

procedure, sections for both immunoperoxidase
and immunogold studies were postfixed for 30
min in 2,5% glutaraldehyde in PB, and then for 1h
in OsO4 (1% and 0.2% in PB for immunoperoxidase
and immunogold material, respectively). After
dehydration in graded series of ethanol, sections
were cleared in propylene oxide, flat-embedded
in Epon-Spurr between acetate sheets (Aclar; Ted
Pella, Redding, CA), and polymerized at 60°C for
72 hours. After polymerization, embedded sec-
tions were examined under a dissecting micro-
scope. Identified areas of interest, corresponding
to cortical gray matter and hippocampal CA1 and
CA3 subfields, were excised with a razor blade
and mounted on resin pyramidal blocks utilizing a
cyanoacrylic glue. 1µm semithin sections were
cut  with a Reichert ultramicrotome and collected
on glass slides without counterstaining for light
microscopic inspection. 70-100 nm-thick ultrathin
sections were cut either from the surface or from
the edge (i.e. perpendicular to the plane section),
counterstained with uranyl acetate and lead cit-
rate, and examined with a Philips CM 10 transmis-
sion electron microscope. 

Data analysis
All data were collected from a region of the pari-

etal cortex corresponding to the first somatic sen-
sory cortex and from hippocampal CA1 subfield.
Identification of immunolabeled and unlabeled
profiles was based on established morphological
and morphometrical criteria (Minelli et al., 2007). 

Results

Both neocortex and hippocampus astrocytes
expressed high levels of NCX1-3 ir as previously
reported (Minelli et al., 2007). Immunoperoxidase
reaction and silver intensification were particu-
larly intense in thin, distal astrocytic processes;
astrocytes appeared with an irregular contour
adapting to the profile of adjacent neuropilar ele-
ments and labelling was distributed trough the
cytoplasm and usually the internal side of plasma
membrane was intensely stained (Figures 1A-H;
2A-F). Distal labelled astrocytes were often in
contiguity of synaptic structure; they were often
found adjacent to unstained axon terminals mak-
ing asymmetric contacts with proximal or distal
dendrites and with dendritic spines, some of
which were also labelled (Figure 1A-G). SEI con-
firmed DAB ultrastructural localization: in fact
gold particles for NCX1-3 were detected on astro-
cytic processes plasma membrane directly in con-
tact with synaptic structures (Figure 2A-C, 2F). 

Ultrastructural analisys revealed that NCX1-3
irs were present also in many astrocytic cell bod-
ies and thick processes; here, granular patches of
reaction product were scattered in the cytoplasm
and small clumps of ir were associated to
organelles, plasma membrane and mitochondria
(Figure 2D, 2F). Both DAB (Figure 1E-H) and
Silver (Figure 2D-F) immunolocalization showed
that astocytic mitochondria were sometimes
completely surrounded by a rim of intense NCX1-
3 ir, especially those located just beneath the plas-
malemma . 

NCX1-3 irs were also intense in perivascular
astrocytic end-feet (Figure 3A-C) in direct apposi-
tion to the basal lamina around the endothelial
wall of blood vessels. 

Discussion

Ultrastructural observations reveal that all iso-
forms are consistently expressed in neuronal
astrocytes, suggesting that NCX1-3 activity in the
two brain regions in situ may be diffusely
involved in regulating Ca2+ homeostasis in glial
cells. The modulation of (Ca)i has been implicated
in the control of a variety of astrocytic functions,
including reciprocal astrocyte-neuron signalling
and glial toxicity (Verkhrasky et al., 1998; Perea
and Araque, 2005a). A contribution of NCX activi-
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ty in the regulation of (Ca2+)i transients has been
documented in cultured astrocytes following glu-
tamate receptor stimulation and strain-induced
traumatic injury (Floyd et al., 2005; Goldman et
al., 1994; Golovina et al., 1996; Kim et al., 1994,
2005; Smith et al., 2000) but, so far, direct evidence
in vivo proving an active role of NCX in modulat-
ing astrocytic Ca2+ signalling are scanty. Present
anatomical results show that, in rat neocortex and
hippocampus, NCX isoforms are all remarkably
expressed in distal astrocytic processes surround-
ing asymmetric synapses (i.e. presumably gluta-

matergic) (De Felipe et al., 1988; Dori et al., 1989),
thus indicating the presence in situ of NCX1-3
exchangers on astrocytic membrane regions in
proximity of synaptic sites of transmitter release.
Since spilled-out glutamate can diffuse from
synapses and evoke calcium responses in sur-
rounding astrocytes in vivo (Grosche et al., 1999;
Aguado et al., 2002; Peters et al., 2003; Perea and
Araque, 2005b), our findings strongly suggest that
glial NCX1-3 are well sited to play a role in shaping
(Ca2+)i transients evoked in astrocytes by adjacent
synaptic activity. 
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Figure 1. Ultrastructural localization of NCX1-3 with immunoperoxidase reaction. NCX1 (A, cerebral cortex),
NCX2 (B, cerebral cortex) (C, hippocampus), NCX3 (D hippocampus): distal astocytic processes (asp) labelled in
plasma membrane (black arrows) and in the cytoplasm (open arrowheads); all astrocytes are in apposition to den-
dritic spines (sp, some of which labelled) those that received unlabelled axon terminals (axt). (E, hippocampus)
NCX1 ir in several labelled astrocytic processes: labelling appears scattered in the cytoplasm (open arrowheads)
or associated to plasma membrane (black arrows) or mitochondria (open arrows). (F) A perisynaptic hippocampal
astrocytic processes labelled in the plasma membrane (black arrows), cytoplasma (open arrowhead) and mito-
chondria (open arrow). (G-H) Cerebral cortex. Intense NCX3 ir is visible on plasma membrane (black arrows),
cytoplasma (open arrowhead) and mitochondria(open arrows) of two distal astrocytic processes, one of which is
close to synaptic structure. Bars: in A 0.25 µm for A-D, F; 0.25 µm for G; 0.5 µm for H. 
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On the other hand, not all distal astrocytic
processes sheathing synapses display the same
level of NCX1-3 expression, and some of them are
totally devoid of staining, thus pointing to a func-
tional heterogeneity of NCX activity in regulating
Ca2+ responses in different subpopulations of

perisynaptic glial processes. Interestingly, recent
studies showing that astrocytes selectively
respond to different synapses suggest that glial
cells are capable to discriminate between the
activity of specific synapses (Perea and Araque,
2005a). Our results seems in line with these find-
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Figure 2. Ultrastructural localization of NCX1-3 with silver enhancement. NCX1 (A, hippocampus) NCX2 (B, cere-
bral cortex), NCX3 (C, hippocampus). Exemple of astrocytic processes (asp) sheating synaptic structure: immuno-
gold labelling is associated to plasma membrane (black arrows) and cytoplasm (openarrowheads). (D) NCX1 ir in
a proximal astrocytic process where mitochondria (open arrow) and cytoplasm (openarrowheads) are labelled. (E;
hippocampus) (F; cerebral cortex) Two astrocytic processes show NCX2 and NCX3-immunoparticles associated
to plasma membrane (black arrows), cytoplasma (open arrowheads) and mitochondria (open arrows). Bars: in A
0.25 µm for A, C, F; 0.25 µm for B; 0.5 µm for D; 1 µm for E.
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ings, and emphasize a possible contribution of
NCX in determining synapse-specific Ca2+

responses in astrocytes (Perea and Araque, 2005a, b;
Minelli et al., 2007). 

Present ultrastructural findings showing a
widespread expression of NCX1-3 throughout the
astrocytic surface suggest that glial exchangers
can operate in diverse cellular regions, thus point-
ing to a spatially distributed role of NCX function
in controlling (Ca2+)i in vivo and in regulating the
extent of intracellular propagation of astrocytic
Ca2+ signals. 

In addition present data show that, in both neo-
cortex and hippocampus, a conspicuous popula-
tion of astrocytic mitochondria express high lev-
els of NCX1-3 isoforms, in according with a
recent study (Gobbi et al., 2007), thus indicating
that all three exchangers are likely to give an
important contribution to (Ca)mit regulation in
astrocytic cell type in situ. In fact previous stud-
ies conducted in isolated brain mitochondria have
documented that a continuous recycling of Ca2+

across the mitochondrial membrane causes recip-
rocal changes in the Ca2+ levels in extra- and intra-
mitochondrial compartments (Nichols, 2004,
2005). We often observed the co-presence of
NCX1-3 protein expression on cellular and mito-
chondrial membranes closely facing each other,

thus suggesting the possibility that plasmalemmal
and mitochondrial NCX-mediated Ca2+ transport
could operate in a coordinated manner in buffer-
ing (Ca2+)i variations within restricted functional
microdomains. This concept was expressed in a
recent study showing that in glutamate-stimulat-
ed astrocytes mitochondria become trapped near
the plasma membrane (Kolokova et al., 2006).

In both neocortex and hippocampus, all NCX
exchanger isoforms are consistently expressed in
perivascular astrocytic endfeet. This structure
and endothelial cell form the BBB, a permeability
barrier present in capillaries that selectively lim-
its the influx and efflux of a variety of solutes and
substances between blood and brain. Recent
studies showing that calcium transients in astro-
cyte endfeet can cause cerebrovascular vasocon-
striction (Mulligan and MacVicar, 2004) suggest
that NCX activity in perivascular astrocytes could
play an important role in the glial control of brain
microcirculation (Zonta et al., 2003). 

In conclusion, these anatomical findings attrib-
ute a fundamental role to NCX in maintaining
astrocytic homeostasis in brain in situ, and in
controlling reciprocal communication between
astrocytes and neurons in processing synaptic
information.
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Figure 3. NCX1-3 in astrocytc and-feet processes. (A) NCX1 in  a cortical astrocyte and-feet, immunoperoxidase
reaction is detected on plasma membrane (black arrows) in apposition to endothelial cell membrane. (B) Cerebral
cortex: a perivascular astrocytic profile (asp) bearing NCX2 immunoparticles on plasma membrane (black arrow)
and in the cytoplasm (open arrowheads). (C) Hippocampus: NCX3 ir (black arrow) in perivascular astrocytic
process (asp) apposed to capillary basal lamina. (arrow). bv: blood vessel. Bars: 0.25 µm for A; in B, 0.5 µm for B, C.



52microscopie Settembre 2009

CONTRIBUTI SCIENTIFICICONTRIBUTI SCIENTIFICI

References

Aguado F, Espinosa-Parrilla JF, Carmona MA , Soriano E.
Neuronal activity regulates correlated network pro-
perties of spontaneous calcium transients in astrocy-
tes in situ. J Neurosci 2002;22:9430-44.

Annunziato L, Pignataro G, Di Renzo F. Pharmacology of
brain Na+/Ca2+ exchanger: from molecular biology
to therapeutic perspectives. Pharmacol Rev 2004;
56:633-54.

Araque A, Parpura V, Sanzgiri RP, Haydon PG. Tripartite
synapses: glia, the unacknowledged partner, Trends
Neurosci 1999;22:208-15.

DeFelipe J, Conti F, van Eyck SL, Manzoni T.
Demonstration of glutamate-positive axon terminals
forming asymmetrical synapses in the cat neocortex.
Brain Res 1988;455:162-5.

Dori I, Petrou M, Parnavelas JG. Excitatory transmitter
amino acid-containing neurons in the rat visual cor-
tex: a light and electron microscopic immunocyto-
chemical study. J Comp Neurol 1989;290:169-84.

Fierro L, DiPolo R, Llano I. Intracellular calcium clearan-
ce in Purkinje cell somata from rat cerebellar slices.
J Physiol 1998; 510:499-512.

Floyd CL, Gorin FA, Lyeth BG. Mechanical strain injury
increases intracellular sodium and reverses
Na+/Ca2+ exchange in cortical astrocytes. Glia 2005;
51:35-46.

Gobbi P, Castaldo P, Minelli A, Salucci S, Magi S,
Corcione E, et al. Mitochondrial localization of
Na+/Ca2+ exchangers NCX1-3 in neurons and astro-
cytes of adult rat brain in situ. Pharmacol Res 2007;
56:556-65.

Goldberg JH, Tamas G, Aronov D, Yuste R. Calcium
microdomains in aspiny dendrites. Neuron 2003;40:
807-821.

Goldman WF, Yarowsky PJ, Juhaszova M, Krueger BK,
Blaustein MP. Sodium/calcium exchange in cortical
astrocytes. J Neurosci 1994;14:5834-43.

Golovina VA, Bambrick LL, Yarowsky PJ, Krueger BK,
Blaustein MP. Modulation of two functionally
distinct Ca2+ stores in astrocytes: role of the plasma-
lemmal Na/Ca exchanger. Glia 1996;16:296-305.

Grosche J, Matyash V, Moller T, Verkhratsky A,
Reichenbach A, Kettenmann H. Microdomains for
neuron–glia interaction: parallel fiber signaling to
Bergmann glial cells, Nat Neurosci 1999;2:139-43.

Gunter TE, Yule DI, Gunter KK, Eliseev RA, Salter JD.
Calcium and mitochondria. FEBS Lett 2004;567:96-
102.

Hoyt KR, Arden SR, Aizenman E, Reynolds IJ. Reverse
Na+/Ca2+ exchange contributes to glutamate-indu-
ced intracellular Ca2+ concentration increases in
cultured rat forebrain neurons. Mol Pharmacol 1998;
53:742-9.

Kim YT, Park YJ, Jung SY, Seo WS, Suh CK. Effects of

Na+/Ca2+ exchanger activity on the alpha-amino-3-
hydroxy-5-methyl-4-isoxazolone-propionate-induced
Ca2+ influx in cerebellar Purkinje neurons.
Neuroscience 2005;131:589-99.

Kim WT, Rioult MG, Cornell-Bell AH. Glutamate-induced
calcium signalling in astrocytes. Glia 1994; 11:173-84.

Korkotian E, Holcman D, Segal M. Dynamic regulation
of spine-dendrite coupling in cultured hippocampal
neurons. Eur J Neurosci 2004;20:2649-63.

Lee SL, Yu AS, Lytton J. Tissue-specific expression of
Na+-Ca2+ exchanger isoforms. J Biol Chem 1994;
269:14849-52.

Li Z, Matsuoka S, Hryshko LV, Nicoll DA, Bersohn MM,
Burke EP, et al. Cloning of NCX2 isoform of the pla-
sma membrane Na+-Ca2+ exchanger. J Biol Chem
1994; 269:17434-9.

Lipton P. Ischemic cell death in brain neurons. Physiol
Rev 1999;79:1431-568.

Minelli A, Castaldo P, Gobbi P, Salucci S, Magi S,
Amoroso S. Cellular andsubcellular localization of
Na+/Ca2+ exchanger protein isoforms, NCX1,NCX2,
and NCX3 in cerebral cortex and hippocampus of
adult rat. Cell Calcium 2007;41:221-34.

Mulligan SJ, MacVicar BA. Calcium transients in astrocy-
te endfeet cause cerebrovascular constrictions.
Nature 2004;431:195-9.

Nicholls DG. Mitochondria and calcium signalling. Cell
Calcium 2005; 38:311-7.

Nicholls DG, Chalmers S. The integration of mitochon-
drial calcium transport and storage. J Bioenerg
Biomembr 2004;36:277-81.

Nicoll DA, Quedneau BD, Qui Z, Xia YR, Lusis AJ,
Philipson KD. Cloning of a third mammalian Na+-
Ca2+ exchanger, NCX3. J Biol Chem 1996; 271:24914-
21.

Perea G, Araque A. Glial calcium signalling and neuron-
glia communication. Cell Calcium 2005a; 38:375-82.

Perea G, Araque A. Properties of synaptically-evoked
astrocyte calcium signal reveal synaptic information
processing by astrocytes. J Neurosci 2005b;25:2192-
203.

Peters O, Schipke CG, Hashimoto Y, Kettenmann H.
Different mechanisms promote astrocytic Ca2+
waves and spreading depression in the mouse neo-
cortex. J Neurosci 2003;23:9888-96.

Philipson KD, Nicoll DA. Sodium-calcium exchange: a
molecular perspective. Annu Rev Physiol 2000;
62:111-33.

Pivovarova NB, Pozzo-Miller LD, Hongpaisan J, Andrews
SB. Correlated calcium uptake and release by mito-
chondria and endoplasmic reticulum of CA3 hippo-
campal dendrites after afferent synaptic stimulation.
J Neurosci 2002;22:10653-61.

Ranciat-McComb NS, Bland KS, Huschenbett J,



53 Settembre 2009 microscopie

Ramonda L, Bechtel M, Zaidi A, et al. Antisense oli-
gonucleotide suppression of Na+/Ca2+ exchanger
activity in primary neurons from rat brain. Neurosci
Lett 2000;294:13-16.

Simpson PB, Russell JT. Role of mitochondrial Ca2+
regulation in neuronal and glial cell signalling. Brain
Res Rev 1998;26:72-81.

Smith JP, Cunningham LA, Partridge LD. Coupling of
AMPA receptors with the Na+/Ca2+ exchanger in
cultured rat astrocytes. Brain Res 2000; 887:98-109.

Takuma K, Matsuda T, Hashimoto H, Kitanaka J, Asano
S, Kishida Y, et al. Role of Na+/Ca2+ exchanger in
agonist-induced Ca2+ signalling in cultured rat astro-
cytes. J Neurochem 1996;67:1840-5.

Thurneysen T, Nicoll DA, Philipson KD, Porzig H.
Sodium/calcium exchanger subtypes NCX1, NCX2,
and NCX3 show cell-specific expression in rat hippo-
campal cultures. Mol Brain Res 2002;107:145-56.

Verkhratsky A, Orkand RK, Kettenmann H. Glial cal-
cium: homeostasis and signalling function. Physiol

Rev 1998;78:99-141.
Volterra A, Meldolesi J. Quantal release of transmitter:

not only for neurons but from astrocytes as well? in:
H. Kettenman, B. Ransom (Eds.), Neuroglia, Oxford
University Press, NewYork, 2005, pp.190-201.

Wallace DC. Mitochondrial diseases in man and mouse.
Science 1999;283:1482-8.

White RJ, Reynolds IJ. Mitochondria and Na+/Ca2+
exchange buffer glutamate-induced calcium loads in
cultured cortical neurons. J Neurosci 1995;15:1318-
28.

Yu L, Colvin RA. Regional differences in expression of
transcripts for Na+/Ca2+ exchanger isoforms in rat
brain. Brain Res Mol Brain Res 1997;50:285-92.

Zonta M, Angulo MC, Gobbo S, Rosengarten B,
Hossmann KA, Pozzan T, et al. Neuron-to-astrocyte
signalling is central to the dynamic control of brain
microcirculation. Nat Neurosci 2003;6:43-50.

CONTRIBUTI SCIENTIFICICONTRIBUTI SCIENTIFICI


