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Gap Junction-Mediated Astrocytic Networks in the Mouse
Barrel Cortex
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The barrel field of the somatosensory cortex constitutes a well documented example of anatomofunctional compartmentalization and
activity-dependent interaction between neurons and astrocytes. In astrocytes, intercellular communication through gap junction chan-
nels composed by connexin 43 and 30 underlies a network organization. Immunohistochemical and electrophysiological experiments
were undertaken to determine the coupling properties of astrocyte networks in layer IV of the developing barrel cortex. The expression of
both connexins was found to be enriched within barrels compared with septa and other cortical layers. Combination of dye-coupling
experiments performed with biocytin and immunostaining with specific cell markers demonstrated that astrocytic networks do not
involve neurons, oligodendrocytes or NG2 cells. The shape of dye coupling was oval in the barrel cortex whereas it was circular in layer IV
outside the barrel field. Two-dimensional analysis of these coupling areas indicated that gap junctional communication was restricted
from a barrel to its neighbor. Such enrichment of connexin expression and transversal restriction were not observed in a transgenic
mouse lacking the barrel organization, whereas they were both observed in a double-transgenic mouse with restored barrels. Direct
observation of sulforhodamine B spread indicated that astrocytes located between two barrels were either weakly or not coupled, whereas
coupling within a barrel was oriented toward its center. These observations indicated a preferential orientation of coupling inside the
barrels resulting from subpopulations of astrocytes with different coupling properties that contribute to shaping astrocytic networks.
Such properties confine intercellular communication in astrocytes within a defined barrel as previously reported for excitatory neuronal

circuits.

Key words: connexin; astrocytes; somatosensory cortex; neuroglial interaction; barrel; gap junction

Introduction

Gap junction-mediated intercellular communication is a typical
feature of brain glial cells, in particular, astrocytes. Indeed, in
many brain regions and throughout animal life, gap junctional
communication (GJC) is extensive and widespread between sub-
populations of astrocytes (D’Ambrosio et al., 1998; Blomstrand
etal.,, 2004; Wallraff et al., 2004). Such communicating pathways
are provided by junctional proteins named connexins (Cxs),
members of a multigenic family (Theis et al., 2005). In astrocytes,
two of them prevail: Cx43 and Cx30 (Nagy and Rash, 2000).
Interestingly, the expression and the function of these astrocytic
Cxs have been demonstrated to be dependent on neuronal activ-
ity and survival (Rouach et al., 2000). This observation led to the
statement that a loop of interactions occurs between neurons and
astrocytes and that these two cell types interact tightly by setting
their main mode of communication: synaptic transmission for
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neurons and GJC for astrocytes (Pfrieger and Barres, 1997;
Rouach et al., 2004).

Previous reports have demonstrated that GJC studied in as-
trocytes does not involve all astrocytes and that subpopulations
of glial cells with a specific phenotype are not coupled (Wallraff et
al., 2004; Houades et al., 2006; Schools et al., 2006). Accordingly,
the initially proposed syncytium-like organization of glia (Mug-
naini, 1986), suggesting that all glial cells communicate, has to be
revised and the term of communicating networks seems to be
more appropriate for astrocytes. Based on this, the emerging con-
cept of dynamic interactions between neurons and glial cells
should not only be based on presynaptic and postsynaptic neu-
rons interacting with a single astrocyte, as usually done (Volterra
and Meldolesi, 2005; Haydon and Carmignoto, 2006). Indeed,
another level of neuroglial interaction may occur through the
interactions of neuronal circuits with communicating networks
of astrocytes (Rouach et al., 2004; Verkhratsky and Toescu,
2006). To address this issue, the definition of the topographic and
shaping properties of astrocytic networks in a defined brain
structure is first required.

The aim of the present work was to determine the coupling
properties and the spatial organization of gap junction-mediated
astrocytic networks in layer IV of the primary somatosensory
cortex. Indeed, in this cortical region, neurons are arranged in
discrete clusters, named “barrels,” which receive topographically
organized inputs from their respective principal whiskers on the
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contralateral side of the face via the whisker-to-barrel pathway
(Woolsey and Van der Loos, 1970). Such anatomofunctional or-
ganization offers an ideal model to study how astrocytic networks
are organized in reference to neuronal compartments. Here, we
report that the expression of the two astrocytic Cxs is enriched in
the barrels, compared with the interbarrel areas, the septa. In
addition, intercellular diffusion of gap junction-permeable mol-
ecules is restricted between two adjacent barrels. This restriction
is primarily caused by the low level of coupling in astrocytes
located in the septa. In addition, within a barrel dye coupling is
oriented toward the center, indicating that intercellular ex-
changes are favored within a defined barrel rather than between
two barrels. These observations suggest that astrocytic networks
parallel the columnar compartmentalization of neurons in the
somatosensory cortex.

Materials and Methods

All experiments involving animals have been performed in accordance
with the European Community Council Directives of November 24th,
1986 (86/609/EEC) and all efforts have been made to minimize the num-
ber of animals used as well as their suffering. They were conducted in
conformity with INSERM guidelines. Slices and sections were prepared
from OF1 and C3H/HeOuJ mice (Charles River Laboratories, L’Arbresle,
France). Transgenic monoamine oxidase A (MAOA) knock-out (KO)
mice (Cases etal., 1995), MAOA/5-HT  receptor double KO mice (Reb-
sam et al., 2002) and glial fibrillary acidic protein-human enhanced green
fluorescent protein (GFAP-eGFP) (Nolte et al., 2001) mice were also
used. C3H/HeOuJ mice were only used as controls for the KO mice.

Electrophysiology. Postnatal day 5 (P5)-P21 mice were decapitated,
and their brains were dissected and placed in ice-cold artificial CSF
(ACSF) containing (in mm) 125 NaCl, 2.5 KCl, 25 glucose, 25 NaHCO,,
1.25 NaH,PO,, 2 CaCl,, and 1 MgCl,, bubbled with 95% O,/5% CO,,
pH 7.4. Coronal brain slices (300 um) containing the somatosensory
cortex were cut using a vibratome (VT 1000GS; Leica, Wetzlar, Ger-
many) filled with ice-cold ACSF. The slices were transferred at room
temperature (20—22°C) for 1 h before being used. Thereafter, the slices
were placed in a recording chamber and perfused continuously with
oxygenated ACSF, pH 7.4, at a rate of 2 ml/min. The somatosensory
cortex and the layer IV neurons were recognized in the recording condi-
tions by visualization of the barrel field (see Fig. 1 A) using an up-right
fixed stage microscope (Axioskop FS; Zeiss, Oberkochen, Germany)
equipped with Nomarski optics and an infrared video camera (Newvicon
C2400; Hamamatsu, Shizouka, Japan). Cells within the barrel cortex
were identified as astrocytes based first on morphological criteria and
second on electrophysiological properties. The pipette (10-15 M(2) so-
lution contained (in mm) 105 K-gluconate, 30 KCl, 10 HEPES, 10
phospho-creatine Tris, 4 ATP—Mg”, 0.3 GTP-Tris, and 0.3 EGTA, ad-
justed to pH 7.3 with KOH. Whole-cell membrane voltages and currents
were amplified by a MultiClamp 700B amplifier, sampled by a Digidata
1322A Interface, and patch-clamp recordings (5 kHz sampling and 3 kHz
filtering) were performed with Pclamp9 software (Molecular Devices,
Foster City, CA). Series resistances were compensated at 80%. Input
resistance (R;,,) was measured in voltage-clamp mode by applying hyper-
polarizing voltage pulses (10 mV, 150 ms) from a holding potential of
—80 mV. To evaluate the level of coupling, either biocytin (3—4 mg/ml;
Sigma, St. Louis, MO) or sulforhodamine B (1 mg/ml; Invitrogen, Eu-
gene, OR) were added to the pipette solution before each experiment.
Recorded cells were loaded passively with these dyes during 20 min in
current-clamp mode. To inhibit GJC in astrocytes, the slices were pre-
treated with 100 um carbenoxolone for 15 min before and during path-
clamp recording. After electrophysiological recordings, the slices were
fixed at 4°C for 12 h in 4% paraformaldehyde in PBS, pH 7.4, and then
stored in PBS.

Dye diffusion, GJC quantification in brain slices, and cellular phenotype
identification. Biocytin detection was performed by incubating the slices
in avidin-biotinylated horseradish peroxidase (ABC-Elite; Vector Labo-
ratories, Burlingame, CA), reacting with 3.3-diaminobenzidine (Vector
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Laboratories) as a chromogen. In some experiments, biocytin detection
was combined with immunolabeling for GFAP, S100, NG2, or neuronal
nuclei (NeuN) to determine the phenotype of the coupled cells. Briefly,
slices were permeabilized and immunoblocked with 0.25% Triton X-100
and gelatin (2 g/L) in PBS for 1 h. Then primary antibodies, mouse
monoclonal anti-GFAP (1:500; BD Biosciences, Franklin Lakes, NJ), rab-
bit anti-S100 (1:4000; BD Biosciences), mouse anti-NG2 (1:500; Milli-
pore Bioscience Research Reagents, Temecula, CA), or mouse monoclo-
nal NeuN (1:500; Millipore Bioscience Research Reagents) were
incubated overnight at 4°C in Triton/gelatin/PBS. The secondary anti-
body, Alexa 555- or 488-conjugated goat anti-mouse IgG (1:2000; In-
vitrogen) or goat anti-rabbit IgG (1:2000; Invitrogen), was applied to-
gether with Alexa 555- or 488-conjugated avidin (1:400; Invitrogen) for
2 h at room temperature. After several washes, the slices were mounted
with mounting medium (Fluoromount; Southern Biotechnology, Bir-
mingham, AL) and examined with a confocal laser-scanning microscope
(Leica TBCS SP2). In addition to this dye-coupling analysis performed
on fixed tissues, in vivo photographs with a digital camera (D70; Nikon,
Tokyo, Japan) were achieved on the patch-clamp setup by using sulfor-
hodamine B as an intercellular tracer while the barrels were visualized
under Nomarski optics. The superposition of the two images allowed the
localization of the injection site and the analysis of the extent of dye
spread in relation with the walls of the barrels.

Quantification of GJC, obtained in a double-blind paradigm, was
achieved by measuring the distance of biocytin diffusion between the two
extreme stained somata according to the perpendicular ( y) and parallel
(x) axes to the surface of the cortex. Then the area of coupling was
obtained by computation of the surface ellipse defined by the two mea-
sured parameters, x and y.

Tissue preparation, immunofluorescence labeling, and immunohisto-
chemistry. P6 to adult (>2 months) mice were anesthetized, perfused
with PBS, and their brains were rapidly removed and frozen in isopen-
tane cooled at —30°C. Coronal sections (20 um) were cut on a cryostat,
collected on slides, and kept at —80°C until use. Sections through the
somatosensory cortex of mice were fixed with 2% paraformaldehyde in
PBS for 30 min at 4°C, washed three times with PBS, and preincubated 30
min in PBS containing 0.2% gelatin and 0.2% Triton X-100. First, local-
ization of barrels was confirmed in one of the serial sections with a
cytochrome oxidase reaction. After this revelation, appropriate sections
were selected and then processed for immunohistochemical staining by
overnight incubation at 4°C with primary antibodies diluted in PBS:
rabbit polyclonal anti-Cx43 (1:500; Zymed, San Francisco, CA) or mouse
anti-Cx43 monoclonal antibodies (1:500; BD Biosciences); rabbit anti-
Cx30 (1:500; Zymed). Each immunolabeling with antibodies against an
astrocytic protein was performed on the same or adjacent slice with
mouse anti-NeuN monoclonal antibody (1:500; Millipore Bioscience
Research Reagents) to colocalize neuronal organization and astrocytic
proteins in barrels. After three washes, slices were incubated for 2 h at
room temperature with the appropriate secondary antibody, Alexa 488-
conjugated goat anti-mouse IgG (1:2000; Invitrogen) or Alexa 555-
conjugated goat anti-rabbit IgG (1:2000; Invitrogen). After several
washes, slices were mounted in Fluoromount and examined with a mi-
croscope equipped with epifluorescence (Eclipse E800; Nikon). More-
over, images were acquired with a confocal laser-scanning microscope
(Leica TBCS SP2) equipped with 16 X,40X, and 63X objectives; stacks of
consecutive confocal images, taken at intervals of 2 um, 1 um, and 500
nm, respectively, were acquired sequentially with two lasers (argon 488
nm and helium/neon 543 nm) and Z projections were reconstructed
using Leica confocal software. Images covering large areas were obtained
by assembly of several images captured with a 16X objective using the
photomerge function of Adobe (San Jose, CA) Photoshop software.

Cytochrome oxidase activity was revealed as described by Wong-Riley
and Welt (1980). In brief, coronal sections (20 wm) were fixed with 2%
paraformaldehyde in PBS for 30 min at 4°C, washed three times with
PBS. Then, sections were sequentially incubated in phosphate buffer (0.1
M), pH 7.4, with 10% sucrose, 0.2% cobalt chloride (10 min), phosphate-
buffered sucrose, 0.007% cytochrome ¢, 0.002% catalase, 0.02% dimeth-
ylsulfoxide, and 0.05% diaminobenzidine in phosphate-buffered sucrose
(all products were purchased from Sigma).
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the lack of action potential in response to
depolarizing current injections, the ab-
sence of spontaneous electrical activity,
and the negative resting potential (<—70
mV). Furthermore, in voltage-clamp
mode, the absence of typical off-set cur-
rents indicated that these cells were not oli-
godendrocytes (Chvatal et al, 1995).
When whole-cell recording of a glial cell
was performed with a biocytin-filled pi-
pette, this intercellular tracer was detected
in surrounding cells after fixation and bio-
cytin revelation (Fig. 1C,D). The number
of coupled cells was found to be dependent
on the age of the mice. Indeed, it was rather
limited at P5 (Fig. 1C) (11 = 3 cells; n = 6),
significantly increased at P10 (Fig. 1D)
(73 = 17 cells; n = 10; p < 0.01), and re-
mained statistically similar at P15 and P20
(45 = 8 cells,n = 8and 57 * 14 cells, n =
7, respectively). This intercellular diffusion
of biocytin was mediated by gap junction
channels, because it was inhibited by car-
benoxolone (100 uM, 15 min preincuba-
tion; 12 = 2 cells; n = 6; p < 0.01), as
illustrated for P10 in Figure 1 E. Moreover,
when neurons were recorded in the same
area, biocytin was always restricted to the
recorded cell (n = 12), indicating the lack
| of neuronal dye coupling at the investi-
gated ages. This developmental study is
summarized in the diagram illustrated in
Figure 1 F, where the extent of biocytin dif-

*%

Figure 1.

Statistical analysis. For each data group, results are expressed as
mean * SEM and n refers to the number of independent experiments.
For statistical analysis of the x/y ratio, resting membrane potential, and
input resistance, a one-way ANOVA followed by a Kruskal-Wallis test
was used. An unpaired ¢ test was applied to compare the effect of carben-
oxolone to the control. Differences are considered significant at *p <
0.05 and **p < 0.01.

Results

Characterization of astrocytic networks in the barrel cortex
Recordings were performed in the primary somatosensory cortex
identified by the presence of barrels visualized by infrared video
microscopy and differential interference contrast (DIC) optics
(Fig. 1A). In addition, control experiments were performed in
the same cortical layer from the visual cortex. Glial cells were
distinguished from neurons by their small (<10 wm) and oval
shaped somata (Fig. 1B). This identification was confirmed by

P5 P10 P15 P20 P10
. Cbx

Dye coupling among astrocytes in the barrel cortex studied at different developmental stages. 4, Photomicrograph
of an acute coronal slice of the somatosensory cortex at P10, showing a field of six barrels observed with Nomarski optics and
infrared illumination. B, Photomicrograph taken at a higher magnification showing, at the tip of the patch-clamp pipette, an
astrocyte selected for recording on the basis of the size and shape of its somata. €, D, Two examples of dye coupling in the barrel
cortex at P5 and P10 obtained after fixation of the slice and peroxidase revelation of biocytin. E, Inhibition of GJC at P10 studied
in a slice treated with carbenoxolone (100 um). F, Diagram of the developmental study (P5 to P20) of GJC assessed by biocytin
injection in astrocytes. Dye coupling was quantified by counting the number of biocytin-positive cells. Note the large and
statistically significant difference in the levels of coupling observed between P5 and P10. The number of experiments ranged from
6t010.*p << 0.05 between P5 and the other developmental ages using one-way ANOVA, and **p << 0.01 between the extent of
dye at P10 in control or with carbenoxolone treatment using unpaired ¢ test. Scale bars: 4, E (for E, C, D), 100 um; B, 10 um.

fusion was quantified by the calculation of
the number of coupled cells.

To determine the identity of the cells
coupled to the glial cell initially recorded,
experiments were performed by combin-
ing immunodetection of phenotypic
markers for different cell populations with
revelation of biocytin by fluorochrome-
conjugated streptavidin. The absence of
cells positive for both biocytin and NeuN
demonstrated the lack of dye coupling be-
tween astrocytes and neurons (n = 4) (Fig.
2A,B). Also, when anti-NG2 antibodies
were used, no overlap was observed with
biocytin, indicating that these NG2 ™ cells were not involved in
the network revealed by biocytin injection (n = 8) (Fig. 2C,D). As
reported previously (Houades et al., 2006), GFAP immunoreac-
tivity is very weak in the mouse cortex. Indeed, only few GFAP-
positive cells were observed in the area of coupling which explains
the low proportion of biocytin- and GFAP-positive cells (28%;
n = 4) (data not shown). Interestingly, when GFAP-eGFP mice
were used, the number of eGFP-positive cells was higher than
that obtained with GFAP antibody labeling. Using this transgenic
mouse, the proportion of biocytin- and eGFP-positive cells
reached 60% (n = 8). Finally, when anti-S100 antibody was used,
the number of cells positive for biocytin and S100 was increased
t090% (n = 7) asillustrated in Figure 2, Eand F. Altogether, these
experiments indicate that the intercellular diffusion of the tracer
from an identified astrocyte allows visualization of a network of
communicating cells that exclude neurons and NG2 " cells and is
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Figure 2.  Immunostaining identification of dye-coupled cells. Dye coupling was studied
with biocytin injection and postfixation revelation with a secondary antibody coupled to fluoro-
phores selected to be processed with immunohistochemical identification of various brain-cell
populations. A, B, Dye coupling performed with biocytin (green) and combined with NeuN
staining (red) indicates that coupling initiated by the recording from an astrocyte does not
involve neurons. The inset demonstrates that the yellow spots observed in B are not caused by
colocalization of the two markers, but rather by the superposition of the two distinct stainings
resulting from the projection of several confocal plans. C, D, Dye coupling studied with biocytin
(red) and combined with NG2 staining (green) indicates that coupling initiated by the recording
of an astrocyte does not involve NG2-positive cells. E, F, Dye coupling with biocytin (red) and
combined with $100 (green) staining indicates that coupling initiated by the recording of an
astrocyte mainly involves S100-positive cells. Note that as expected from previous reports,
this antibody also stains blood vessels. The inset illustrates the colocalization of the two
markers. Similar observations were performed in four to eight independent experiments.
Scale bar, 50 pm.

mainly composed of cells identified as astrocytes based on GFAP
and $100 antibody staining and using a GFAP-eGFP mouse.

Electrophysiological properties of astrocytes in the

barrel cortex

The analysis of whole-cell recordings indicated the occurrence of
three subpopulations of glial cells displaying distinct electrophys-
iological properties. They were classified as “complex” glia (CGs),
“intermediary” glia (IGs), and “passive” astrocytes (PAs). This
classification was based on their electrophysiological phenotype,
their identification by specific markers as well as their level of GJC
and is consistent with the previously proposed classification of
glial cells (Schools et al., 2006; Zhou et al., 2006). CGs were char-
acterized by voltage-dependent currents and a strong outward
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Figure3. Developmental changesin electrophysiological phenotypes of astrocytes recorded

in the barrel cortex. A,—C,, Whole-cell current profiles recorded from morphologically identi-
fied astrocytes in layer IV of the somatosensory cortex. Voltage steps for the current induction
were 150 ms pulses applied at a holding potential of —80 mV and ranging from —180to +40
mV with 10mVincrements. A,, A,, (Gs were characterized by a high input resistance and by the
activation ofinward and outward currents in response to depolarizing steps resulting in a strong
outward rectification as illustrated by the plotting of the /-V/ relationship. B;, B,, Gs showed
lower input resistance and weaker voltage-dependent currents compared with CGs with a weak
change in the slope of the /- curve. (;, C,, PAs exhibited a very low input resistance and a
typical linear relationship between current and voltage. D, Developmental pattern of astrocytic
electrophysiological phenotypes. Note that CGs and |Gs were only observed at P5 and P10 in
rather low proportion. This diagram was made from 33, 131, 35, and 18 cells recorded at P5,
P10, P15, and P20, respectively.

rectification (Fig. 3A;,A,) associated with a high R;, (327 * 39
M(); n = 5) and an average membrane potential of —78 + 5 mV
(n = 5). IGs were distinguished by their nonlinear current—
voltage (I-V) relationship because of weak but detectable
voltage-dependent currents activated by depolarizing pulses (Fig.
3B,,B,). Their input resistance was low compared with that of
CGs (47 £ 10 MQ; n = 12; p < 0.001), whereas their resting
membrane potential was significantly more negative (—88 * 2
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mV; n = 12; p < 0.01). Finally, most of the recorded glial cells
were PAs characterized by a strict linear I-V relationship (Fig.
3C,,C,) with a low input resistance (31 = 2 M{); n = 267) and a
membrane potential similar to that of IGs (—85 = 1 mV; n =
267). Along this study, CGs and IGs were only found at P5 and
P10, with a decrease in incidence with time and after P10 only PAs
were recorded (Fig. 3D). Because of the overall low number of
CGs and IGs, their coupling properties were quantified by pool-
ing together these two ages. For CGs, when the patch pipette was
withdrawn, in three experiments over five the cell integrity was
preserved. Among these three cells, two were positive for the NG2
antibody. In these three experiments, the biocytin loading of the
recorded cell was not associated with dye coupling in adjacent
cells. For IGs, two cells of four were dye-coupled (38 and 53
coupled cells). Finally, compared with the other glial subpopula-
tions, PAs presented the highest incidence of coupling with 88%
(n = 8) at P5, 95% (n = 40) at P10, 96% (n = 24) at P15, and
100% (n = 10) at P20. Moreover, as illustrated in the diagram of
Figure 1, the level of coupling of the recorded PAs was dependent
on the age with a significant increase between P5 and P10.

Cx43

Distribution of (x43 and (x30 in layer IV of the barrel cortex. A—C, Double staining of coronal sections from barrel
cortex, performed with NeuN (green) and (x43 (red) antibodies, showing that at P6, (x43 expression was already enriched in the
barrels. In the merge (C), NeuN staining allowed delineation of the barrel walls. The inset in Billustrates at a higher magnification
the pattern of (x43 staining. At this age, this immunoreactivity was characterized by a diffuse stellate pattern and the presence
of few immunoreactive puncta. D, E, Single staining of (x43 in coronal (D) and tangential (E) sections from P10 mouse barrel
cortex. F, G, Single staining of (x43 in coronal sections in (F) and out (G) of the barrel field (IB and OB, respectively) from P20
mouse. H, Single staining of (x30 in tangential sections from P20 mouse barrel cortex. Note that the compartmentalization of (x
expression observed in the barrel cortex is not observed in layer IV of the visual cortex. I-K; Single staining of (x43 (I, coronal
section; K, tangential section) and (x30 (/), indicating that the enrichment of their expression in the barrels is maintained at adult
stage. In C, D, and G, dotted lines delineate the location of the indicated cortical layers. Similar observations were made in three
independent experiments performed at the different ages. Scale bar: (in K) A-D, F, G, 1,J,100 m; E, H, K, 140 m.
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Expression pattern of astrocytic
connexins in the barrel cortex

The pattern of Cx expression was examined
at developmental stages similar to those se-
lected for electrophysiology along the
present study (Figs. 1, 3) as well as in the
adult. Because in vivo astrocytic gap junc-
tions are mainly composed by Cx43 and
Cx30 (Nagy and Rash, 2000; Rouach et al.,
2004; Theis et al., 2005), the present study
was limited to the analysis of these two Cxs.
Cx43 and Cx30 distribution was studied by
confocal microscopy in coronal and tan-
gential sections of the barrel field of mice at
different ages (Fig. 4). At P6, the earliest age
analyzed, Cx43 was detected in layer IV of
the barrel cortex, whereas Cx30 was not de-
tected (data not shown). At this stage, re-
gions enriched in Cx43 were observed, with
a bright punctiform staining of meninges
and a staining in layer IV significantly
stronger than in other cortical layers. This
labeling was not uniform and was found to
be enriched within the barrels as delineated
by NeuN staining (Fig. 4A-C). Moreover,
the Cx43 immunoreactivity was mostly as-
sociated with small processes exhibiting a
stellate appearance (Fig. 4B, inset) as de-
scribed previously (Yamamoto et al,
1992). This pattern of immunostaining for
Cx43 was not observed at older analyzed
ages (supplemental Fig. 1, available at
www.jneurosci.org as supplemental mate-
rial). At P10, Cx43 staining changed and
became essentially punctate as in other
brain structures (Houades et al., 2006), al-
though its enrichment in the barrels was
obvious compared with the septa located
between two adjacent barrels (supplemen-
tal Fig. 1A-D, available at www.jneurosci.org
as supplemental material) and to the other
cortical layers (Fig. 4 E). Cx30 became detect-
able at P15 with a punctate labeling (supple-
mental Fig. 1E-H, available at www.neurosci.org as supplemental
material). Similar observations were made at P20 with an increase in
immunoreactivity within the barrels for Cx43 (Fig. 4G) and Cx30
(Fig. 4F), whereas such “patchy” pattern was not detected in other
cortical regions examined at the level of layer IV (Fig. 4 H). Immu-
nostainings characteristic for gap junction plaques are shown in sup-
plemental Fig. 1D,H (available at www.jneurosci.org as supplemen-
tal material). Finally, the pattern of expression of astrocytic Cxs,
enriched in the barrels versus the septa, was also observed in tangen-
tial preparations as illustrated for Cx43 at P10 and for Cx30 at P20
(Fig. 4E, H, respectively). This typical pattern, characterized by an
enriched expression of the two astrocytic Cxs within the barrels, was
also observed in the adult for Cx43 and Cx30 in coronal as well as in
tangential sections (Fig. 41-K).

Shaping of astrocytic networks in the barrel cortex

Analysis of the spatial distribution of biocytin intercellular diffu-
sion from the dialyzed astrocyte was performed to determine the
shaping of gap junction-mediated communicating networks of
astrocytes. Previous works have reported that dye injection in
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Figure 5.  Shaping of astrocytic networks in the barrel cortex. A, B, Comparison of the shape
of biocytin intercellular diffusion after injection performed at P20 in an astrocyte located in layer
IV outside (OB) (4) and within (IB) (B) the barrel field. Dashed lines with arrowheads indicate
the two axes (x and y) taken for the measurement of dye coupling. C, Summary diagram show-
ing the comparison of dye coupling performed outside or in the barrel field at two developmen-
tal ages. This analysis of the shape of the coupling area was undertaken by considering two axes,
xandy, drawn in Aand B. The x/y ratios were calculated from 3—10 independent experiments.
*¥p < 0.01 between the OB and IB at both ages using unpaired t test. Scale bar, 100 m.

cortical astrocytes resulted in a circular coupling area (Binmoller
and Miiller, 1992; Houades et al., 2006), which, in three dimen-
sions, corresponds to a spherical volume. Similar observations
were made during this study when the astrocytes dialyzed with
biocytin at P10 and P20 were located in the layer IV of the visual
cortex (a region outside the barrel field) (Fig. 5A), where the
number of coupled cells was 82 = 33 (n = 7)and 111 £ 26 (n =
3), respectively. In contrast, when this injection was performed in
an astrocyte within the barrel cortex, the coupling area was oval
(Fig. 5B), which, in three dimensions, corresponds to an oblate
spheroidal volume. To validate this observation, characterization
of the shape of the coupling area was achieved by defining two
axes, x and y, perpendicular and parallel to the surface of the
cortex, respectively (Fig. 5A,B). As illustrated in Figure 5C, the
x/y ratio measured at P10 and P20 was 0.78 = 0.07 (n = 10) and
0.78 = 0.05 (n = 7), respectively, for the barrel cortex, compared
with 0.99 = 0.05 (n = 7) and 0.97 = 0.07 (n = 3), respectively, for
layer IV of the visual cortex. A similar ratio was obtained at P5
and P15 (0.84 = 0.05,n = 3 and 0.79 = 0.08, n = 8, respectively)
in the barrel cortex. As a whole, this two-dimensional (2D) anal-
ysis indicated that there is a bias toward spread in one direction
and that within the barrel cortex intercellular diffusion of biocy-
tin through gap junction channels is restricted in the transversal
direction, i.e., from barrel to barrel.

Shaping of astrocytic networks in transgenic mice with
modified barrel organization

We next examined whether the extent and the shaping of the
astrocytic networks were affected when the barrel organization is
disturbed by genetic engineering. The MAOA KO mouse was
selected as a model in which barrels are lacking in the cerebral
cortex, despite a normal patterning of the subcortical sensory
relays (Cases et al., 1995). In addition, MAOA KO mice in which
5-HT, receptors were genetically removed resulted in a normal
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segregation of somatosensory projections that results in a normal
barrel field in the cortex (Salichon et al., 2001). As illustrated in
Figure 6, cytochrome oxidase staining performed at P10 indi-
cated that barrels could clearly be observed in wild-type C3H/HE
and in double KO mice, whereas they were lacking in the MAOA
KO mice (Fig. 6A,—Aj;). This feature was also observed when the
pattern of Cx43 expression was investigated in the same area at
P10, with a clear difference of the level of expression in the barrel
area compared with the septa (Fig. 6B). In contrast, such an
expression pattern was not observed in the MAOA KO mice,
where the expression of Cx43 was more homogenous in layer IV
of the somatosensory cortex (Fig. 6C), localized in this mouse in
reference to the shape, size, and orientation of the striatum. In-
terestingly, the compartmentalized Cx43 staining observed in
wild-type mice was restored in double KO mice (n = 3).

Furthermore, the shape of astrocytic networks was investi-
gated by performing biocytin injections in these three animal
models. As described above, in the P10 wild-type C3H/HE mice,
the coupling area obtained by injecting an astrocyte in the barrel
cortex was not circular and exhibited a transversal restriction in
dye diffusion (x/y ratio of 0.76 * 0.01; n = 11) (Fig. 6D;). In
contrast, in layer IV of the somatosensory cortex of P10 MAOA
KO mice, the shape of the astrocytic network became more cir-
cular (Fig. 6 D,) with an x/y ratio of 0.91 = 0.03 (n = 10) that was
statistically different from that found in the wild type mice (Fig.
6 E). Furthermore, when biocytin injection was performed in P10
MAOA KO/5-HT,y receptor KO mice, the coupling area was
increased by 52% (n = 15) compared with control animals.
Moreover, in these animals the x/y ratio was 0.85 = 0.01 (n = 15),
indicating a transversal restriction statistically different from that
obtained from the MAOA KO mice (Fig. 6 E). From these obser-
vations a correlation was made between the presence of a detect-
able barrel organization, a differential level of Cx43 expression
between barrels and septa characterized by a weaker expression
level in the septa, and the shape of the astrocytic network, char-
acterized by a transversal restriction of the intercellular diffusion
of biocytin.

Dye-coupling orientation within a barrel

A further step in characterizing the spatial properties of dye cou-
pling through astrocytic networks in the barrel cortex was to
correlate the location of the injection site with the intercellular
spread of the dye within a single barrel. This was achieved at P10,
an age at which the barrels can be directly observed easily with
DIC optics and infrared illumination of coronal acute slices. Fur-
thermore, dye coupling was studied with sulforhodamine B and
visualized under epifluorescence. The use of this dye allowed
direct observation and offered the advantage to superimpose the
dye-coupling area with DIC observation of the barrels (Fig. 7A,).
This study was performed by taking into account the shape of the
dye-coupling area in regard to the location of the injected astro-
cyte within the barrel itself (Fig. 7A;). For this purpose, the dis-
tance of dye diffusion from the site of injection was measured
following two directions, i.e., toward the wall and the center of
the barrel, d,, and d_, respectively (Fig. 7A,). As illustrated in
Figure 7B, three categories were then distinguished depending on
the location of the injection site. In addition, as the size of each
barrel was not equivalent, the location of the injection site was
expressed in reference to the normalized size of the studied barrel.
Accordingly, each injection was defined as belonging to one of
three distinct parts of a barrel: those performed at a distance up to
10% of the total barrel size starting from the nearest barrel wall,
trials performed at a distance ranging from 10 to 25% and injec-
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Figure6.  Shapingof astrocytic networksin the layer IV of the somatosensory cortex from transgenic mice with modified barrel
organization. A;,—A;, Cytochrome ¢ staining revealing the presence or the absence of a barrel field organization in frontal slices
from wild-type C3H/HE, MAOA KO, and MAOA/5-HT, ; KO mice studied at P10. The insets show a higher magpnification of layer [V
inthese slices with detectable barrels in the wild-type and the double KO mice and the lack of compartmentalization in the MAOA
KO mouse. For the MAOA KO, the location of the somatosensory cortex was defined in reference to the shape and size of the
striatum being part of the slice. B, €, (x43 immunostaining of frontal sections at P10. B, In wild type, (x43 is compartmentalized
in the barrel field. €, In contrast, a uniform distribution of (x43 immunoreactivity is observed in the somatosensory cortex of
MAOA KO mice. D,—D;, Shape of the dye-coupling area after biocytin injection of an astrocyte located in the barrel field of the
wild-type (D,), the MAOA (D,), and the double KO MAOA/5-HT, g receptor (D;) mice studied at P10. £, Summary diagram of the
xly ratio calculated from 310 independent experiments. ***p << 0.001 between wild type and MAOA KO using ANOVA test
analysis; MAOA/5-HT,; receptor was different at *p << 0.05 from MAOA KO, whereas there is no statistical difference between
MAOA/5-HT, g receptor and wild type. Scale bars: B (for B, €), D, 100 um.
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injection site became closer to the barrel
wall (Fig. 7B). These measurements also in-
dicated that dye coupling was higher as the
injection site was closer to the barrel center,
indeed the distance of dye diffusion almost
doubled when the injection site was per-
formed close to the center (25-50%) com-
pared with the wall (0-10%). This analysis
was completed by plotting the number of
coupled cells versus the diffusion ratio
d./d,, (Fig. 7C). Such plot indicates that the
number of coupled cells was increased as
the d_/d,, ratio approached 1, demonstrat-
ing that the diffusion asymmetry caused by
the vicinity of the barrel wall is responsible
for confinement of dye coupling within the
barrel.

Moreover, based on 32 injections per-
formed with sulforhodamine B, either
within a barrel (Fig. 8A;,A,) or in a septum
(Fig. 8B;,B,), clear differences in dye-
coupling properties were observed. When
the injected astrocyte was located within a
barrel, the incidence of coupling was 85%
(n = 20), although it fell to 25% (n = 12)
when the recording was performed in a
septum. Moreover, the average number of
coupled cellswas 15 = 1 (n = 17) and 3 =
1 (n = 3) for the barrel and the septum,
respectively (Fig. 8C). When compared
with the experiments performed with bio-
cytin, the amount of dye coupling was re-
duced with sulforhodamine B, although re-
cording times (20 min) used for cell dialysis
were kept similar (supplemental Fig. 2A,B,
available at www.jneurosci.org as supple-
mental material). Moreover, in most trials
(92%; n = 17) dye coupling was limited to
the injected barrel. Interestingly, the anal-
ysis of the electrophysiological properties
of the recorded astrocytes indicated that all
astrocytes (n = 12) recorded in the septum
region exhibited passive properties (Fig.
8 A,,B,, traces), whereas the identification
of astrocytes recorded within a barrel gave
the following proportion: 96% PAs, 3%
IGs, and 1% CGs. No difference was found
in the membrane potential (—85 = 4 mV,
n=21and —88 = 4mV, n = 12, for barrel
and septum, respectively) and the input re-
sistance (44.5 * 53 M, n = 21 and
39.6 = 7.2 MQ, n = 12, for barrel and sep-
tum, respectively). Furthermore, the anal-
ysis of the morphology of biocytin- or sul-
forhodamine B-injected astrocytes did not
indicate difference when the cells were lo-

tions made at a distance ranging between 25 and 50% (50% being
the center of the barrel). Then, for each category, the distance of
the dye diffusion was measured in the two directions arbitrarily
defined above, d. and d,,. When such analysis was achieved, it
appeared that dye spread was asymmetric with a facilitation of
diffusion toward the barrel center compared with the periphery.
This asymmetry was found to be statistically significant as the

cated in a barrel or within a septum (Fig. 8, 9). In both cases,
confocal analysis indicated that the stained cells exhibited a typ-
ical shape of protoplasmic astrocytes with similar dimensions for
the domain defined by their processes (Fig. 9A,,B). The exami-
nation of coupled astrocytes indicated that their morphology was
similar whatever their location in the coupling area. In addition,
there was no overlap between their respective domains indicating
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that they were juxtaposed rather than im-
bricated (Fig. 94,). Altogether, these re-
sults indicate that the differences in the
coupling properties of the astrocytes lo-
cated within the barrels versus the septa
were not correlated with distinct subpopu-
lations of astrocytes classified on the basis
of their electrophysiological and morpho-
logical properties. Finally, this analysis and
the observations illustrated in Figure 7 in-
dicate that the presence of uncoupled as-
trocytes within the septa shapes the inter-

w
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Analysis of dye-coupling orientation within a single barrel. 4,, 4,, Direct observation of sulforhodamine B injections

erties, neither NeuN- nor NG2-positive
cells were found to be coupled. In addition,
although immunostaining with GFAP an-
tibodies and GFAP-eGFP labeling resulted
in arather low percentage of cells identified
as astrocytes because of the well known low
level of GFAP expression in astrocytes from
the cerebral cortex of the mouse (Nimmer-
jahn et al., 2004; Houades et al., 2006; Wil-
helmsson et al., 2006), a high percentage of
coupled cells was found to be S100-positive

performed at P10 in an astrocyte located within a barrel. 4,, Superposition of photomicrographs captured under Nomarski optic
and epifluorescence showing the limits of three barrels. Note the spread of the dye after 20 min recording and the location of the
recorded astrocyte (white spot). A,, Detail of the two parameters defining the extent of dye coupling within a barrel. The limits
of the three barrels have been drawn from the Nomarski picture illustrated in A,. d,, and d; represent the distance between the
injected site (white spot) and the nearest barrel wall or the center of the barrel, respectively. B, Double histogram showing, in
abscissa, the distance of dye diffusion measured from the injection site toward the nearest barrel wall (d,,, black columns) and
toward the center of the barrel (d,, white columns) versus, in ordinate, the location of the injection site within three arbitrary
compartments of a half-barrel, respectively, 0—10%, 10 —25%, and 25—-50% of the normalized dimension of a barrel. Note that
the difference of dye diffusion in the two directions became statistically significant as the injection approached the barrel wall.
*p < 0.05 using the unpaired ¢ test. C, Plot of the distance ratio d;/d,, versus the number of coupled cells indicates that the
asymmetry of dye coupling within a barrel is more pronounced when dye coupling is reduced. These data were fitted with an
exponential curve. Scale bar: (in A,) A;, A, 50 wm.

(90%). Although S100 expression is seen

predominantly in astrocytes, it may also be

expressed in subpopulations of central neurons and oligodendro-
cytes (Rickmann and Wolft, 1995a,b). However, as no overlap-
ping of S100 and NeuN immunoreactivity was detected in
double-staining experiments performed with these two markers,
this observation excludes S100 staining of neurons in the barrel
cortex. In addition, the morphological analysis of biocytin-
positive cells pointed out the lack of heterotypic coupling with
cells having the typical morphology of differentiated oligoden-
drocytes. Consequently, dye-coupling experiments presented
here allow revealing the network organization of coupled
astrocytes.

The analysis of the 2D spatial organization of such networks
indicates the occurrence of a marked transversal (barrel to barrel)
restriction in layer IV of the somatosensory cortex. This contrasts
with previous studies performed in the visual cortex where dye
coupling was found to be circular (Binméller and Miiller, 1992;
Houades et al., 2006). Furthermore, the extent of dye spread was
found to be very different with biocytin and sulforhodamine B,
indeed 73 £ 17 (n = 10) and 15 = 1 (n = 17) coupled cells were
monitored at P10, respectively (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material). The restricted
communication between two barrels was exacerbated when sul-
forhodamine B was used as intercellular tracer because dye cou-
pling was found to be limited to a barrel. As the constraint exerted
on the intercellular diffusion of this dye was more pronounced,

dye-coupling properties could be studied within a single barrel.
This analysis indicated that the particular shaping of the coupling
area found in the barrel cortex could be attributed to at least two
properties: (1) coupled astrocytes located within a barrel exhibit a
preferential orientation of dye coupling toward the center of the
barrel, and (2) the presence of astrocytes that are not, or weakly,
coupled in the interbarrel space. These findings indicate that, in
this brain region characterized by a strong anatomofunctional
neuronal compartmentalization, astrocytes also exhibited a spe-
cific spatial organization and are constituted by several subpopu-
lations with distinct coupling properties favoring intercellular
communication within the barrel rather than between two neigh-
boring barrels. In the septa, uncoupled astrocytes exhibit passive
electrophysiological properties suggesting that in the somatosen-
sory cortex, in contrast to the hippocampus (Matthias et al., 2003;
Wallraff et al., 2004, Schools et al., 2006), there are subpopula-
tions of PAs with different coupling properties.

During the last decade, our view of the morphology of a single
astrocyte and its organization within groups of astrocytes has
greatly changed. Indeed, from an initial concept of stellate and
“interdigitated” astrocytes (Rolhmann and Wolff, 1996), those of
“spongiform” and astrocytic domain have emerged recently
(Bushong et al., 2002; Ogata and Kosaka, 2002). From these stud-
ies, it is clear that the area of contact between adjacent astrocytes
is relatively reduced which limits de facto the area available for
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Figure 8.
ina septum. A, Superposition of photomicrographs captured under Nomarski optic and epifluorescence showing the extent of dye spread after 20 min recording and the location of the coupling
area within the barrel. 4,, High-magnification fluorescent image showing the shape of the dye coupling and the detail of the cells involved in this process. B,, Superposition of photomicrographs
showing the lack of dye coupling and the location of the astrocyte recorded in the septum. B,, High-magnification image showing the shape of the recorded cells. Scale bars: 4;, B;, 150 um; A,,
B,, 20 wm. A;, B,, Insets, Family of current traces recorded in response to voltage steps of 150 ms pulses ranging from — 180 to +40 mV with 10 mV increments, applied at a holding potential of
80mV. Note that the two recorded astrocytes were characterized by similar passive properties. A, B, Summary diagrams of dye injections performed at P10 with the two different sites of recording,

Differential coupling properties of astrocytes in the barrel cortex. A,—B,, Direct observation of sulforhodamine B injections performed at P10 in astrocytes located either in a barrel or

i.e., in the barrel (white columns) or in the septum (black columns).

gap junctions. When astrocytes were examined from dye-
coupling experiments in the barrel field, this notion of astrocytic
domains was also clearly visible (Fig. 9A, B). Consequently, in
addition to their individual domain organization, the network
organization of astrocytes contributed by subpopulations with
defined coupling properties adds a second level of complexity in
their overall organization.

In the somatosensory cortex, the shaping of dye coupling fits
well with the pattern of expression of Cx43 and Cx30. Indeed, the
expression of these two Cxs is enriched within the barrels com-
pared with the septa, which may account for the high proportion
of noncoupled astrocytes in the interbarrel space. What governs
such pattern of Cxs expression and the shaping of the coupling
area in the barrel field is an important question. One way to
address this question was to use transgenic mice with modified
barrel organization. Indeed, the transversal restriction of the dye-
coupling area was not observed in the MAOA KO mouse, al-
though this typical shape was restored in the double transgenic
mouse MAOA/5-HT, g receptor. In the MAOA KO mouse, gran-
ular cells form a continuous band in layer IV, whereas they are
clustered and form barrels in the wild-type (Cases et al., 1995).
This indicated that there is a neuronal reorganization in the so-
matosensory cortex in this mouse without barrels. In the double
knock-out MAOA/5-HT,j receptor, the barrel cytoarchitecture
with a partial segregation of the neuronal organization is restored
allowing visualizing neuronal compartments (Salichon et al.,
2001). Altogether, these findings demonstrated that the shaping
of gap junction-mediated pathways between astrocytes is tightly
linked to the neuronal organization in the somatosensory cortex.
The difference in the shaping of astrocytic networks in wild-type
and KO animals could be attributable to either the absence of
neuronal clustering in the MAOA KO and/or to a change in neu-

ronal activity. In the MAOA KO mouse, it has been reported that
although the barrels are absent, the segregation of information
processing is still present with functional columns (Yang et al.,
2001). This finding suggests that in the somatosensory cortex
neuronal clustering rather than neuronal activity likely accounts
for the shaping of astrocytic networks. Indeed, the clustering of
neurons forming the barrel walls may constitute a diffusion bar-
rier for the astrocytic networks. How such barrier affects con-
nexin expression remains to be studied in more detail. One pos-
sibility is that astrocytes located in the septa have a different
morphology with, for instance, a reduced arborization and less
contact areas between their processes. However, the analysis of
the morphology of biocytin- or sulforhodamine B-injected astro-
cytes indicated that this is not the case (Fig. 9). Alternatively, a
difference in the density of astrocytes in the septa compared with
the barrels could also explain the pattern of Cx expression. How-
ever, none of such difference was detected with GFAP or S100
staining or in GFAP-eGFP mice. Finally, the compartmentalized
expression of Cxs could be attributable to a difference in the
expression of extracellular matrix and/or adhesion molecules re-
ported to occur in the barrel cortex, as for instance the perineu-
ronal net (McRae et al., 2007) or cadherins (Gil et al., 2002).
Indeed, such compartmentalized pattern could affect the expres-
sion of astrocytic Cxs and GJC because proteoglycans (Spray et
al., 1987) and cadherins (Giepmans, 2004) have been reported to
control Cx expression and function.

In summary, this study provides evidence that in a cortical
area characterized by topographic neuronal maps, astrocytes are
also organized as communicating networks that overlap neuro-
nal compartments. Because coupled astrocytes are those express-
ing glutamate transporters (Matthias et al., 2003; Wallraff et al.,
2004; Schools et al., 2006), our finding completes a previous work
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Figure9. Confocal analysis of the morphology of stained astrocytes located in a barrel or in
a septum. A, Low magnification of the dye-coupling area after the recording of an astrocyte
located in a barrel with a patch pipette filled with biocytin. The inset delineates a region shown
at a higher magnification in B. B, Projection of 10 optical sections (1 ym) showing the mor-
phology of one stained cell typical of protoplasmic astrocytes and its organization in individual
domain. C, D, Examples of the morphology of astrocytes loaded with sulforhodamine B located
in septa. Note that the feature of these astrocytes, as well as the domains defined by their
processes, were similar to those of the astrocyteillustrated in B. Scale bar: (in D) A, 50 um; B-D,
10 em.

showing an enriched expression of astrocyte glutamate trans-
porters in the barrels (Voutsinos-Porche et al., 2003). Moreover,
in vivo calcium responses in astrocytes (Wang et al., 2006), as well
as astrocytic coverage and glutamate transporter expression (Ge-
noud et al., 2006), depend on neuronal activity in the barrel cor-
tex. Accordingly, it becomes essential to consider astrocytic prop-
erties and neuroglial interaction to fully understand the
mechanisms underlying processing in neuronal maps. In the bar-
rel cortex, we demonstrate that GJC in astrocytes is favored
within a barrel rather than between two adjacent barrels. This
observation suggests that communicating astrocytes may con-
tribute to the confinement of neuroglial interaction within a de-
fined barrel as reported for excitatory neuronal networks (Pe-
tersen and Sakmann, 2000). However, such statement does not
seem to apply for calcium signaling because it was reported pre-
viously that coupling via gap junctions is not a prerequisite for
astrocytes to respond to electrical stimulations (Schipke et al.,
2008). Alternatively, the shaping of GJC in the barrel cortex could
exert a spatial limitation on the extent of other processes in which
astrocytic gap junctions have been proposed to participate, such
as bystander death in the setting of injury or functional hyper-
emia (Iadecola and Nedergaard, 2007). Interestingly, the activa-
tion of a single cortical barrel by whisker stimulation was re-
ported to induce flow changes in a columnar manner overlapping
neuronal activity and defining “vascular modules” (Woolsey et
al., 1996). As at the neurovascular interface astrocytes are a key
element that control blood flow (Iadecola, 2004; Haydon and
Carmignoto, 2006), their network organization could also con-
tribute to define such vascular responses.
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