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Several recent findings have shown that neurons as well as astro-
cytes are organized into networks. Indeed, astrocytes are intercon-
nected through connexin-formed gap junction channels allowing
exchanges of ions and signaling molecules. The aim of this study
is to characterize astrocyte network properties in mouse olfactory
glomeruli where neuronal connectivity is highly ordered. Dye-
coupling experiments performed in olfactory bulb acute slices
(P16–P22) highlight a preferential communication between astro-
cytes within glomeruli and not between astrocytes in adjacent glo-
meruli. Such organization relies on the oriented morphology of
glomerular astrocytes to the glomerulus center and the enriched
expression of two astroglial connexins (Cx43 and Cx30) within the
glomeruli. Glomerular astrocytes detect neuronal activity showing
membrane potential fluctuations correlated with glomerular local
field potentials. Accordingly, gap junctional coupling of glomerular
networks is reducedwhen neuronal activity is silenced by TTX treat-
ment or after early sensory deprivation. Such modulation is lost in
Cx30 but not in Cx43 KOmice, indicating that Cx30-formed channels
are the molecular targets of this activity-dependent modulation.
Extracellular potassium is a key player in this neuroglial interaction,
because (i) the inhibition of dye coupling observed in the presence
of TTX or after sensory deprivation is restored by increasing [K+]e
and (ii) treatment with a Kir channel blocker inhibits dye spread
between glomerular astrocytes. Together, these results demon-
strate that extracellular potassium generated by neuronal activity
modulates Cx30-mediated gap junctional communication between
glomerular astrocytes, indicating that strong neuroglial interactions
take place at this first relay of olfactory information processing.
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Olfactory glomeruli (OG) represent functional units where
olfactory signals are first processed (1, 2). The combination

of the anatomical organization and the functional activity results
in a highly ordered spatial map of glomerular activation associated
with each odor (3, 4). However, this well-described organization
refers only to neuronal circuits, and information concerning
astroglial connectivity is lacking. In the brain, astrocytes express
the highest rate of connexins (Cxs), the protein constituents of gap
junction channels that provide the molecular basis for direct cell-
to-cell communication. Though astrocytes were initially thought
to form a glial syncitium, there is now evidence for a more spe-
cialized network organization (5). As increasing evidence argues
for dynamic interactions between neurons and astrocytes (6),
a coordinated population of astrocytes working in concert with
neurons could contribute to sensory integration occurring in OG.
The goal of this study is to determine how Cx-mediated in-
tercellular communication in astrocytes is organized and modu-
lated in this brain structure characterized by functional units.
Features of OG astrocytes studied so far include their morphology
(7, 8), membrane currents (9, 10), and contribution to hemody-
namic responses (11–13). Here, we report that in the glomerular
layer (GL), astroglial morphologies and Cx expression patterns
lead to a gap junctional communication (GJC) favored within
individual OG. Importantly, this study also demonstrates that

extracellular potassium generated by neuronal activity locally
modulates Cx30-mediated GJC between glomerular astrocytes,
indicating that activity-dependent neuroglial interactions occur
within these functional units.

Results
Astroglial Network Organization in the Glomerular Layer.OG consist
of bundles of fibers and synapses (neuropile) delimited by peri-
glomerular cell bodies. Among them, glomerular astrocytes (OG
astrocytes) have a cell body in direct contact with this neuropile
(7). The human glial fibrillary acidic protein (hGFAP)/EGFP
mouse strain (14) allowed studying the morphology of isolated
GFP+ astrocytes, because all astrocytes are not labeled in this
model (Fig. 1A and SI Appendix, SIMethods). Although aminority
of the analyzed OG astrocytes (3 of 16) sent one process in an
adjacent glomerulus, 90 ± 4% of primary processes were located
within OG neuropile (n = 44). The averaged vector representing
the primary processes of each astrocyte formed an angle of 29 ±
10° (n= 14) with the vector drawn between the soma and the OG
center (SI Appendix, SI Methods). In addition, anti-GFP immu-
nofluorescence originating from OG astrocyte processes mostly
remained within OG (85 ± 6% of the total fluorescence measured
on cell processes, n = 4 isolated cells; Fig. 1A). As a whole, this
quantitative analysis shows that the morphology of OG astrocytes
is intimately associated with a single OG.
Cx expression was studied by immunohistochemistry at differ-

ent scales: on low-magnification images of the GL (SI Appendix,
Fig. S1) and, more precisely, at the level of glomerular boundaries
(Fig. 1D and SI Appendix, SI Methods). Both astroglial Cxs, Cx43
and Cx30, were enriched within OG compared with the extra-
glomerular area (Fig. 1 B–D and SI Appendix, Fig. S1). The dif-
ferential of expression between these two regions was significantly
higher for Cx30 than for Cx43 (Fig. 1D). In addition, within OG,
Cx43 expression was favored at the edge of the neuropile, and
Cx30 expression also increased toward the center (Fig. 1D and SI
Appendix, Fig. S2).
Dye-coupling experiments were performed in acute olfactory

bulb (OB) slices (P15–P25) by dialyzing an astrocyte recorded in
the whole-cell configuration with sulforhodamin B (SrB), a gap
junction channel-permeant dye. Patch-clamp recordings in theGL
allowed identification of astrocytes by their membrane potential
(Vm; −79.8 ± 0.3 mV, n = 136) and their linear I–V relationship.
The number of dye-coupled cells observed after 20 min of dialysis
of an OG astrocyte averaged 76 ± 3 cells (n = 26). To study in
more detail the spatial organization of astroglial coupling, we used
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the glutamate transporter-1 (GLT-1)/EGFP BAC reporter mice
(15), in which most astrocytes are GFP+. Indeed, in the GL,
GFAP and S100 immunoreactivity was detected in most of the
GFP+ cells, whereas GFP never colocalized with NeuN or NG2
immunoreactivity (SI Appendix, Fig. S3). After injection in a single
astrocyte and postfixation (SI Appendix, SI Methods), 93 ± 2%
of SrB+ cells were also GFP+ (n = 12 injections; n = 306 cells;
Fig. 2A1), indicating that astrocytes are mainly coupled to astro-
cytes. Interestingly, these reporter mice allowed us to visualize all
GFP+ candidates around the injected cell that could potentially
receive the dye. The location [in the injected OG (Inj) or in ad-
jacent OGs (Adj)] and distance to the injected cell was determined
for each candidate, and a similar analysis was performed for all
SrB+-coupled cells (SI Appendix, SI Methods). When injection was
carried out in glomerular astrocytes, a preferential GJC between
astrocytes located in the same OG was observed (P < 0.01; Fig. 2
A1 and A2), regardless of the distance from the injected cell
considered (Fig. 2B). As a whole, 76 ± 6% of the coupled cells
belonged to the injected OG, whereas only 16 ± 5% were located

in adjacent OGs (n= 6 injections; n= 105 and 87 cells for Inj and
Adj, respectively; Fig. 2C and SI Appendix, Fig. S4). Together,
these observations suggest that glomerular astroglial networks
respect the organization in discrete units present in the GL.

Neuronal Activity Modulates GJC Between Glomerular Astrocytes.
We found that astrocyteVm recorded in theGLduring dye-coupling
experiments showed small but consistent fluctuations (in the range
of 0.05–0.2 Hz) with an amplitude defined as Vm SD (see ref. 16)
averaging 0.5 ± 0.05 mV (n = 118; Fig. 3 B and C). These fluctu-
ations were abolished in presence of 0.5 μM TTX (Fig. 3C) and
highly correlated with local field potentials (LFP) recorded in the
same OG (Fig. 3 C andD and SI Appendix, Fig. S5). Indeed, for 18
analyzed recordings, significant correlation with the LFP was
detected by cross-correlogram analysis (zero-lag correlation, r =
−0.45 ± 0.05; P < 0.001 for each cell; SI Appendix, Fig. S5 and SI
Methods). On average, astrocyte activity was delayed by 722 ± 143
ms compared with the LFP (Fig. 3D and SI Appendix, Fig. S6). LFP
signals could result from the already described synchronized activity
of the mitral/tufted cells (M/TCs) projecting to the same OG (17,
18). Together, these data demonstrate that within OG, astrocytes
detect neuronal activity.
This property associated with the enriched expression of Cxs

within OG led us to question whether neuronal activity modulates
glomerular networks. Following TTX treatment (0.5 μM, 1–3 h),
the number of coupled cells was significantly reduced by 43% (Fig.

Cx30 +NisslGFAP-eGFP

+Nissl antiGFP

D

Cx30
Cx43

M
F

I 
(Z

s
c

o
re

) 1.2

0.6

0

-0.6
020 10 0103

Glomerulus border

Distance (µm)

Cx43B Cx30C2

C1A

Fig. 1. Compartmentalized astrocyte morphology and connexin expression in
the glomerular layer. (A) Typical morphology of glomerular astrocytes ob-
served at P20 in hGFAP/EGFP mice. Glomerular boundaries (dotted line) are
defined by a Nissl staining (blue). Amplification provided by anti-GFP anti-
bodies revealsfineastrocytic processes that aremostly locatedwithinOG. (Scale
bar: 25 μm.) (B and C) Cx30 (C; red) and Cx43 (B; green) immunoreactivity was
studied in the GL at P20 on single confocal sections. (B) Example of Cx43
immunostaining. (C1 and C2) Example of Cx30 immunostaining with (C1) or
without (C2) Nissl staining (blue). Nissl-defined OG borders are indicated by
dotted lines in C1. (Scale bar: 30 μm.) (D) Quantitative analysis of mean fluo-
rescence intensity (MFI) for Cx43 (green) and Cx30 (red) immunostainings at the
OG border, performed on 109 and 67 OG, respectively (SEM are indicated by
light colors surrounding curves) (SI Appendix, SI Methods). To combine data
obtained from different experiments, results were expressed in Z scores. Hori-
zontal gray lines above the graph correspond to significant difference between
the two Cx levels of expression (P < 0.05). Horizontal green and red lines in-
dicate an expression significantly different from the mean for Cx43 and Cx30,
respectively. Note the significant decrease in Cx expression measured outside
OG compared with the glomerular area (P < 0.01 and P < 0.001 for Cx43 and
Cx30, respectively). This differential expressionwas significantly larger for Cx30
than Cx43 (P < 0.001, two-way ANOVA).
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Fig. 2. Astroglial networks are confined within glomeruli. (A1 and A2) Injec-
tions of sulforhodamine B (SrB, red) were performed in glomerular astrocytes
from GLT-1/EGFP BAC reporter mice in which astrocytes that could potentially
receive the dye were visualized (green in A1). 3D confocal analysis of SrB+ and
GFP+ astrocytes, associated with a Nissl staining (blue) to define OG limits,
allowed us to determine the distance of SrB+ and GFP+ cells from the injected
cell (arrow), taking into account their location [within the injected glomerulus
(Inj) or in adjacent OG (Adj)]. Examples illustrated in A1 and A2were obtained
from projections of 12 confocal planes (1 μm each). (Scale bar: 50 μm.) (B) For
each location (Inj or Adj), the number of GFP+ (green) and SrB+ (red) cells was
obtained for a defined range of distances from the injection site (10-μm large
concentric rings from 0–10 to 90–100 μm). Results obtained from six injections
were pooled (SI Appendix, SIMethods) and indicate a preferential dye coupling
between astrocytes from the same OG. χ2 tests were applied for each distance,
to compare the percentage of coupled candidates between the two locations
(Inj or Adj). *P < 0.05, **P < 0.01, and ***P < 0.001. (C) The number of GFP+

astrocytes located either in the injected or in an adjacent OG was determined
within a fixed volume around the injected cell (SI Appendix, SI Methods).
Within the injected OG, 76 ± 6% of these potential “receiver” cells for the dye
are coupled, whereas only 16 ± 5% of the astrocytes located in adjacent OG
receive the dye (n = 6 injections, **P < 0.01, χ2 test; see SI Appendix, Fig. S5 for
complementary information).
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3E Left). This effect was reversed after a 2-h wash (SI Appendix,
Fig. S6)—the minimal delay to observe recovery of neuronal
spiking in M/TCs (n = 3). To confirm the activity dependence of
glomerular networks, an in vivo model of reduced neuronal ac-
tivity was used. Unilateral naris occlusion carried out at P1 pre-
vents stimuli from afferent olfactory sensory neurons and reduces
MCs activity in the occluded OB (19). Occlusion efficiency was
confirmed by the decreased size of the deprived OB compared
with the contralateral one, and by the reduced tyrosine hydroxy-
lase immunostaining performed postrecording (20) (SI Appendix,
Fig. S8). Twenty days after sensory deprivation, dye coupling be-
tween OG astrocytes was significantly inhibited by 56% (Fig. 3E
Right). Overall, these results demonstrate that communication
between astrocytes is modulated by neuronal activity within OG.

Mechanism Targeting Cx30-Formed Channels and Involving Extra-
cellular Potassium. The different expression patterns of the two
astroglial Cxs within OG raises the question about possible dif-
ferences in their physiological function. Knockout (KO) mice
were used to identify the molecular target of the modulation
exerted by neuronal activity on glomerular astroglial GJC. The
lack of dye coupling in OB acute slices prepared from double-
KO mice [Cx30(−/−)Cx43(fl/fl):GFAP-cre] demonstrated that GJC
in astrocytes is mainly mediated by Cx43 and Cx30 (n = 4). In
presence of TTX, the extent of the dye coupling for glomerular
injections was reduced by 66% in Cx43(fl/fl):GFAP-cre mice (KO
Cx43) slices. In contrast, TTX had no effect in slices from KO
Cx30 (Fig. 4A). Because the neuronal firing rate of MCs was
similar in WT and KO Cx30 (1.2 ± 0.4 Hz, n = 10 and 1.4 ± 0.5

Hz, n = 9, respectively), the lack of TTX effect in the KO Cx30
cannot be attributed to reduced neuronal spiking activity. Hence,
these data indicate that the activity dependence of astroglial
glomerular networks relies on the regulation of Cx30 gap junc-
tion channels. To strengthen this statement, early sensory dep-
rivations were performed in KO mice. Twenty days of sensory
deprivation resulted in a 76% reduction of dye coupling in KO
Cx43 mice, whereas the number of coupled cells in deprived OBs
was not significantly different from control in KO Cx30 animals
(Fig. 4B), in striking accordance with TTX application in slices.
This specificity was reinforced by experiments performed in WT
mice at P10, a developmental stage at which Cx30 is not ex-
pressed in astrocytes yet (21). At this age, like in KO Cx30, no
inhibition of glomerular astroglial GJC was observed when TTX
was applied (94% of control, n = 7 and 5, in control and TTX
conditions, respectively; P = 0.68) or after sensory deprivation
(92% of control, n = 7 and 4, in control and occlusion con-
ditions, respectively; P = 0.29). More precisely, when dye cou-
pling was tested at different time intervals after naris occlusion,
sensory-deprived OBs showed a coupling similar to controls at
postnatal day 10 (P10) and P15 (92%, n = 4, P = 0.29, and 99%,
n = 7, P = 0.45, respectively) before the reduction observed at
P20 (SI Appendix, Fig. S8). This time schedule corresponds to the
appearance of Cx30 in the GL (n = 3) and confirms that Cx30 is
the molecular substrate for the activity dependence of glomer-
ular astroglial networks. These properties were not attributed to
a reduction in Cx30 expression, because no change in Cx30
protein levels was detected after TTX treatment and naris oc-
clusion by immunoblotting (SI Appendix, Fig. S8).
So far, Vm fluctuations in astrocytes have mostly been reported

from in vivo experiments (16, 22) and have reflected changes in
extracellular K+ concentration ([K+]e) directly linked to neu-
ronal activity. Because extracellular K+ can regulate astroglial
GJC (23, 24), changes in [K+]e were hypothesized to play a role
in the activity-dependent modulation of glomerular astrocyte
GJC. Accordingly, a 3-mM increase in [K+]e restored the dye
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Fig. 3. Astrocyte GJC is regulated by neuronal activity within olfactory
glomeruli. (A) Typical IR-differential interference contrast image of simul-
taneous recordings of local field potential (LFP) and Vm of glomerular as-
trocyte in the same glomerulus (delimited by dotted line) with the two
recording pipettes. (B) Vm in glomerular astrocytes show fluctuations as in-
dicated by whole-cell recordings. (C) Simultaneous recordings of LFP (blue)
and astrocyte Vm (black) in the same glomerulus showed correlated fluctu-
ations (zero-lag correlation, r = −0.7, P < 0.01; see cross-correlogram analysis
in SI Appendix, Fig. S5) silenced in presence of 0.5 μM TTX (horizontal bar).
Rectangle shows the region presented in B. (D) Averaged cross-correlogram
obtained for 18 recordings, filtered in the 0.05- to 0.2-Hz frequency band,
showed similar correlation (r = −0.45 ± 0.05, P < 0.01). The lag corresponding
to the maximal negative value of the correlation coefficient (indicated by
dotted line in the Inset) indicates that astrocyte Vm is delayed by 722 ± 143
ms compared with LFP. (Inset) High magnification of the curve around zero
lag (SI Appendix, Fig. S5). (E Left) For dye injections in OG astrocytes,
treatment with TTX resulted in a significant reduction of dye coupling (n =
26 and 12 in control and TTX conditions, respectively; P < 0.0001). (E Right)
Unilateral naris occlusion (Occ) performed at P1 led to a reduced GJC at P20
between glomerular astrocytes (n = 11 and 12 for control and occluded
conditions, respectively; P < 0.0001).
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coupling level in the presence of TTX (Fig. 5A1) as well as after
20 d of sensory deprivation (Fig. 5A2). Such facilitating effect
was also observed in absence of TTX (Fig. 5B), in a reversible
manner (SI Appendix, Fig. S7), indicating that dye coupling in
OG can be increased in basal condition. Importantly, blockade of
Kir channels with 200 μM of barium significantly reduced GJC
between glomerular astrocytes by 17% (Fig. 5B), although neu-
ronal activity was strongly increased (36.4 ± 4.3 Hz, n = 4, com-
pared with 1.2 ± 0.4 Hz in control condition, n= 10; P < 0.0001).
This finding demonstrates that the modulation of astroglial GJC
by neuronal activity is partly dependent on Kir channel function in
astrocytes. Importantly, in the KO Cx30 mice where astroglial
GJC was insensitive to TTX treatment, a 3-mM increase in [K+]e
was unable to increase the level of coupling (Fig. 5C). Together,
these results indicate that extracellular K+ generated by neuronal
activity can modulate Cx30-mediated GJC between glomerular
astrocytes via a mechanism involving Kir channels.

Discussion
This study provides evidence that astroglial networks are com-
partmentalized in the olfactory GL, and that GJC within OG can
be modulated by neuronal activity. These observations strongly
challenge the well-known idea of a glial syncitium, and suggest an
active role for these astroglial networks in olfactory information
processing.

Astroglial Networking Respects the Glomerular Organization. In the
GL, GJC between astrocytes is preferentially confined within OG
and thus overlaps neuronal organization. This feature results from
at least two astroglial properties: (i) the oriented morphology of
glomerular astrocytes processes toward theOGcenter (7–9) where
most of theGL neuronal transmission occurs, and (ii) the enriched
expression of the two astroglial Cxs within functional units, as al-
ready reported in the somatosensory cortex (25). In addition, the
physical barrier formed by the somata of the juxtaglomerular
neurons can also contribute to the gap in Cx expression observed
around glomeruli (Fig. 1D) and to the coupling confinement within
OG. This phenomenon has already been observed in the hippo-
campus at the level of the pyramidal cell layer (26). Together,
these properties indicate a certain degree of independence of each
OG in terms of astroglial GJC that could restrain transfer of in-
formation between OGs and contribute to the accuracy of the
glomerular map.

Neurons Set the Tone of Astroglial Networks. The inhibition of GJC
following TTX treatment substantiates previous work showing
that neuronal activity increases coupling in the intact optic nerve

(27) and in astrocytes cocultured with neurons (28). We also
show that early olfactory deprivation reduces GJC in astroglial
glomerular networks. Recently, Maher et al. (29) reported that
the function of Cx36-formed GJ channels in MCs is regulated in
an experience-dependent manner during glomerular microcircuit
maturation. Although different mechanisms are involved, these
findings indicate that in the GL, the functional status of neuronal
as well as astroglial gap junction channels is controlled by
sensory inputs.
The local environment likely plays an important role in the GJC

modulation observed in our study. Accordingly, astrocyte activity-
dependentVm fluctuations indicate that neuronal activity and [K+]e
variations might be important within OG, where the surrounding
glial envelop is thought to limit K+ spread (30). Moreover, the high
level of Cx expression—in particular, Cx30—at the core of the OG
where neuronal transmission occurs can also account for the GJC
modulation by neuronal activity observed within OG.

Two Connexins, Two Distributions, Two Functions. Connexin immu-
nostaining analysis demonstrates that Cx30 and Cx43 distributions
are not similar. First, Cx30 is enriched in the GL compared with
other OB layers (31) (SI Appendix, Fig. S1), suggesting a func-
tional role prominent in this area. Second, within OG, Cx30 is
highly expressed in the center, whereas Cx43 is mostly detected at
the periphery, close to astrocyte cell bodies. Interestingly, our
study shows that Cx30 is the molecular target for the activity de-
pendency of OG astroglial networks, because both TTX treatment
and early olfactory deprivation had no effect on glomerular as-
trocyte GJC in KOCx30mice. Cx30 location, in the central core of
the OG, might be critical to fulfill this function. Moreover, this
observation is also in agreement with the reported increase in
Cx30 gene expression in brain of mice raised in an enriched en-
vironment (32). Together, these results obtained in OB slices
suggest that glomerular astroglial networks are sustained by Cxs
having two distinct functions: Cx30 supporting their plasticity and
Cx43 whose channels are insensitive to neuronal activity.

Potassium Is a Key Element in Glomerular Neuroglial Interactions.
Astrocyte Vm fluctuations recorded in OB slices are highly sim-
ilar to those observed in vivo in cortical astrocytes (16). Because
these cells express a high level of K+ channels (33), Vm fluctu-
ations mostly reflect variations in [K+]e linked to neuronal ac-
tivity (22). Based on these elements, we made the hypothesis that
[K+]e could be involved in the activity dependence of glomerular
astroglial networks. Accordingly, we observed that high [K+]e
potentiates GJC between OG astrocytes, as shown in previous
studies performed with cultured astrocytes (23, 24), but not in
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Fig. 5. The activity dependence of glomerular astroglial involves extracellular potassium. (A1 and A2) For glomerular injections, dye-coupling inhibition by
TTX treatment (43%, n = 26 and 12 in control and TTX conditions, respectively; P < 0.0001) and by early unilateral naris occlusion (56% inhibition, n = 11 and
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number of coupled cells, whereas this parameter was increased by 39% (n = 4, P < 0.001) in high [K+]e. (C) In contrast, high [K+]e had no effect in KO Cx30
mouse (110% of control, n = 8, P = 0.44).
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Cx30 KO. In addition, high [K+]e is also able to restore the level
of coupling in the presence of TTX or after early sensory dep-
rivation. Interestingly, when Kir channels are blocked in astro-
cytes, GJC is inhibited, though neuronal activity is increased.
In summary, our findings indicate that glomerular astrocytes can

detect changes in [K+]e generated by neuronal activity through
their Kir channels and accordingly adapt their level of GJC. For
many years, the primary function attributed to gap junctions in glia
was their contribution to K+ homeostasis during neuronal activity
(34), a mechanism called K+ buffering. Moreover, a modeling
study has shown that the GJC between astrocytes is 5×more likely
to support the K+ transport than the extracellular diffusion (35). In
the OG, this well-known property of K+ buffering could support
neuronal activity, a mechanism boosted by the K+ itself via its fa-
cilitating effect on Cx30-mediated GJC between astrocytes. By fa-
voring the fidelity of information transfer, this neuroglial loop of
interactions may have an important impact on the first relay of
olfactory information processing occurring at the glomerular level.

Methods
Experimental protocols were approved by Institut National de la Santé et de la
RechercheMédicale health guidelines. Horizontal olfactory bulb slices (250–350
μm) were prepared from 5- to 25-d-old mice as previously described (17). All
recordings were done at room temperature and according to previously de-
scribed protocols (36). Details for electrophysiology, immunohistochemistry,
and imaging and recording analysis are included in SI Appendix, SIMethods. For
some experiments, the right naris was occluded by cauterization on P1 as re-
cently described (29) to prevent stimuli from reaching the olfactory epithelium.

For each data group, results are expressed as mean ± SEM, and n refers to
the number of independent experiments. Unless noted otherwise, unpaired
two-tailed Student t test was used. Differences are considered significant at
*P < 0.05, **P < 0.01, and ***P < 0.001.
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