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Astrocytes dynamically interact with neurons to regulate synaptic
transmission. Although the gap junction proteins connexin 30
(Cx30) and connexin 43 (Cx43) mediate the extensive network
organization of astrocytes, their role in synaptic physiology is un-
known. Here we show, by inactivating Cx30 and Cx43 genes, that
astroglial networks tone down hippocampal synaptic transmission
in CA1 pyramidal neurons. Gap junctional networking facilitates
extracellular glutamate and potassium removal during synaptic
activity through modulation of astroglial clearance rate and extra-
cellular space volume. This regulation limits neuronal excitability,
release probability, and insertion of postsynaptic AMPA receptors,
silencing synapses. By controlling synaptic strength, connexins
play an important role in synaptic plasticity. Altogether, these re-
sults establish connexins as critical proteins for extracellular ho-
meostasis, important for the formation of functional synapses.

hippocampus | neuroglial interactions

Astrocytes, elements of the tripartite synapse, integrate and
modulate neuronal excitability, synaptic transmission, and
plasticity (1). Up to now the involvement of astrocytes in central
functions has mostly been considered to result from the activity
of individual astrocytes. However, a typical feature of astrocytes
is their network organization provided by numerous gap junction
channels formed by two main connexin (Cx) subunits, Cx43,
present from embryonic to adult stages, and Cx30, expressed
later in development (2). Gap junction channels consist of two
hemichannels, each composed of six Cx subunits that align be-
tween adjacent cells to form intercellular channels. They mediate
direct intercellular communication involving exchange of ions
(electrical coupling) and small signaling molecules (biochemical
coupling), with a molecular weight up to 1.5 kDa. Intercellular
trafficking and redistribution of neuroactive substances, such as
ions and neurotransmitters, through gap junction channels
during neuronal activity suggest that astroglial network com-
munication plays a role in neuroglial interactions and neuro-
transmission. This hypothesis is supported by altered behavior in
Cx30 and astrocyte-targeted Cx43 knockout mice (3), as well as
by impairment in sensorimotor and spatial memory tasks in Cx43
and Cx30 double-knockout mice (4). In addition, these channels
have recently been shown to be important for neuronal activity
during pathological conditions, such as hypoglycemia (5) and
epilepsy (6), by mediating nutrient transport and spatial potas-
sium buffering, respectively. However, their role in basal neu-
rotransmission and synaptic plasticity is unknown. Thus, the aim
of this work was to determine whether and how the connectivity
of astroglial networks contributes to basal synaptic transmission
and plasticity. We here demonstrate that mice deficient for both
astroglial Cx30 and Cx43 have increased hippocampal synaptic
transmission and impaired long-term synaptic plasticity. These
effects are due to decreased astroglial glutamate and potassium
clearance and altered extracellular space volume regulation
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during synaptic activity. This impairment results in increased
neuronal excitability, release probability, glutamate spillover, and
insertion of postsynaptic AMPARSs, unsilencing synapses. Alto-
gether, our findings indicate that gap junction-mediated astroglial
networks control synaptic strength by modulating extracellular
homeostasis.

Results

To examine the role of astroglial connexins in hippocampal
neurotransmission, we used the double-knockout mice for Cx30
and Cx43 (Cx307/~Cx4377), in which gap junctional communi-
cation is totally disrupted, as shown by dye coupling experiments
(Cx307"Cx4377, 0 + 0 coupled cells, n = 18 vs. WT, 36 + 6
coupled cells, n = 21; Fig. S1 4 and B). Hippocampi from Cx30™~
Cx43™~ mice (P16-25) exhibit normal architecture and layered
structure (Fig. 14). CAl vacuolation, previously described in
older mice (P23-adult) (4), was not observed. In addition, we
found comparable densities of CAl pyramidal neurons (NeuN
positive) and astrocytes (S100 positive) (Fig. 1B), as recently
shown in older Cx307~Cx43~~ mice (4), although a reduced
number of radial glia-like cells and granule neurons was reported
in the dentate gyrus (7). Western blot analysis for the pre- and
postsynaptic proteins synaptophysin and PSD-95, respectively,
revealed no difference between wild type and Cx30~~Cx437~
mice, suggesting similar total synaptic contacts (Fig. 1C).

To study excitatory synaptic transmission at CAl Schaffer
collateral synapses, we evoked AMPAR-mediated field excit-
atory postsynaptic potentials (fEPSPs) in acute hippocampal
slices, where the size of the presynaptic fiber volley (input) was
compared with the slope of the fEPSP (output), and found a
100% increase in synaptic transmission in Cx30™~Cx43~~ mice
(P <0.05,n = 19) relative to wild-type animals (n = 23, Fig. 1D).
In addition to the important increase in excitatory postsynaptic
currents (EPSCs) (P < 0.001, EPSC amplitude, Cx30~~Cx43 7",
—114 + 5pA,n = 5Svs. WT, =51 £ 5 pA, n = 5; Fig. 1E), whole-
cell voltage clamp experiments also revealed an increase in in-
hibitory postsynaptic currents (IPSCs) in CA1 pyramidal neurons
from Cx30~/~Cx43~~ mice (P < 0.001, IPSC amplitude, Cx30~~
Cx4377,241 + 19 pA,n =5vs. WT, 83 + 13 pA, n = 5; Fig. 1E),
indicating a general augmentation in synaptic transmission.
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Fig. 1. Synaptic transmission of CA1 pyramidal cells is increased in Cx30™~
Cx437'~ mice. (A) Normal hippocampal morphology was revealed in Cx307/~
Cx437"~ hippocampal slices by immunostaining with the neuronal marker
NeuN and the astrocyte marker S100. (Scale bar, 200 pm.) (B) Quantification
of NeuN (Cx307Cx437~, n = 7; WT, n = 7) and S100 positive cells (Cx30™~
Cx437'~, n = 8; WT, n = 8,) revealed no difference in cell numbers. (C) Levels
of pre- and postsynaptic markers, synaptophysin and PSD-95, respectively,
are similar in Cx307"Cx43~/~ and wild-type mice. Similar tubulin (Tub) levels
confirm equivalent loading. (D) Basal excitatory transmission is enhanced in
Cx307~Cx437~ hippocampal slices (P < 0.05, n = 20), as assessed by input-
output curves. As illustrated in the sample traces and the graph below, for
each input (fiber volley, see arrow), the output (fEPSP) is increased compared
with that in wild-type mice (n = 23). (Scale bar, 0.2 mV, 10 ms.) (E) Inhibitory
transmission is also enhanced in CA1 pyramidal cells from Cx30~~Cx43~/~
mice (n = 5), as revealed by recordings of EPSCs (at —60 mV) and IPSCs
(at 0 mV, P < 0.0001) in the same pyramidal cell (WT, n =5). (Scale bar, 50 pA,
50 ms.)

What may cause increased synaptic transmission in Cx307/~
Cx437'~ mice? We first determined whether intrinsic membrane
properties of CA1l pyramidal cells were altered and found no
difference in their resting membrane potential (Vi Cx307~
Cx4377,-59.7 £ 0.7 mV, n = 38 vs. WT, =59.5 + 0.9 mV, n =
34) and membrane resistance (R, Cx307/~Cx437'~, 225.8 + 14.2
MQ, n = 38 vs. WT, 203.7 + 16.2 MQ, n = 34). However,
excitability of pyramidal cells from Cx307/~Cx437~ mice was
increased, because they show enhanced firing rate for low
depolarizing current pulses (Fig. S2. 4 and B). Indeed, the mini-
mal current necessary to induce action potentials, the rheobase,
was reduced by nearly 50% in pyramidal cells from Cx307~
Cx437~ mice (P < 0.01, Cx307/"Cx437/7,15.6 + 2.3 pA, n = 22 vs.
WT, 27.7 + 3.8 pA, n = 18; Fig. S2C), whereas there was no
difference in the amplitude of evoked action potentials (Fig.
S2C). To determine whether transmitter release was increased,
we recorded paired pulse facilitation (PPF), a form of short-term
plasticity sensitive to changes in release probability. PPF was
decreased in Cx307~Cx43~'~ mice (P < 0.05, Cx307/~Cx437/~,
1.5 +£0.05,n = 15vs. WT, 1.7 + 0.06, n = 18; Fig. 24), indicating
an increase in the probability of presynaptic release.

Increased glutamate release should affect similarly post-
synaptic AMPARs and NMDARs. However, by comparing the
AMPAR and NMDAR components of the EPSC, we found that
the AMPA/NMDA ratio was increased by ~80% in pyramidal
cells from Cx307~Cx43™'~ mice (P < 0.001, ratio of Cx307~
Cx4377, 41 + 0.5, n = 17; WT, 2.3 + 0.2, n = 21; Fig. 2B),
suggesting additional alterations in postsynaptic AMPAR den-
sity. To further examine whether the functional AMPAR mem-
brane density is enhanced in pyramidal cells from Cx30™~Cx43~/~
mice, AMPA was locally applied throughout the cells, which
activates synaptic and extrasynaptic AMPARs. The amplitude of
the evoked whole-cell current was increased by ~40% in Cx307/~
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Fig. 2. Pre- and postsynaptic properties are altered in pyramidal cells from
Cx307/~Cx437'~ mice. (A) Release probability is increased in Cx30~~Cx43~/~
mice, as indicated by decreased paired pulse facilitation (P < 0.05, Cx30~/~
Cx437'~, n = 15; WT, n = 18). Representative EPSC traces are shown above
the bar graph. (Scale bar, 10 pA, 25 ms.) (B) AMPAR activity is enhanced in
Cx307~Cx437~ mice, as shown by increased AMPA-NMDA EPSC ratios mea-
sured in pyramidal cells (n = 17) compared with wild-type mice (n = 21, P <
0.001). (Scale bar, 5 pA, 20 ms.) (C) Local application of AMPA (10 uM + 0.5
pM tetrodotoxin + 100 uM cyclothiazide) induced bigger responses in CA1
pyramidal cells from Cx30~/~Cx43~'~ mice (P < 0.05, n = 11), compared with
wild type (n = 20). (Scale bar, 100 pA, 20 s.)

Cx43™~ mice (P < 0.05, Cx307/~Cx437~, =705 + 64 pA, n = 11;
WT, —493 + 46, n = 20; Fig. 2C), suggesting an overall increase
in surface AMPAR density in pyramidal cells.

Because postsynaptic AMPAR trafficking is activity dependent
and can unsilence synapses during development (8), the occur-
rence of silent synapses may be decreased in Cx307~Cx437"~
mice. To examine this possibility, we used minimal stimulation to
compare the failure rate of synaptic AMPAR responses in wild
type and Cx30~/~Cx43~'~ mice, for similar release probabilities
(Fig. 34). This comparison was performed by decreasing the
extracellular Ca/Mg ratio (from 2.5 mM Ca/1.3 mM Mg to 2.2
mM Ca/1.6 mM Mg) to reduce the release probability in Cx43~/~
Cx30~~ mice to wild-type levels, as measured by PPF (WT, 1.7 +
0.03, n = 9; Cx307~Cx437~ in 2.2 mM Ca/1.6 mM Mg, 1.7 +
0.04, n = 10; Fig. 3B). As shown in the superimposed recordings
in Fig. 34, the failure rate is reduced and the amplitude of
EPSCs is increased in hippocampal cells from Cx30~/~Cx437/~
mice (Fig. 3 C and D). To ensure that this result was not at-
tributable to the pyramidal cells receiving more synaptic inputs
in Cx307/~Cx43™'~ mice, we compared the size of the NMDA
component of the EPSC at +40 mV in both genotypes and found
no difference (Cx307~Cx437, 10.9 + 2.3 pA, n = 10 vs. WT,
10.3 + 1.5 pA, n = 9; Fig. 3C). These data indicate a higher
number of functional synapses in Cx43~~Cx30~'~ mice.

Synapse unsilencing can occur during synaptic plasticity and
potentiate synaptic transmission (9). Therefore, we examined
the possibility that the reduced pool of silent synapses in Cx30™/~
Cx43™~ mice occluded long-term potentiation (LTP). We
found that LTP, recorded by field potentials and induced by brief
tetanic stimulation (two 1-s trains of 100 Hz, 20 s apart) of
Schaffer collaterals, was nearly absent at CAl synapses from
Cx307"Cx43™~ mice, as LTP was decreased by ~80% (30-40
min after the tetanus, n = 9) compared with wild-type mice (n =
9, Fig. 3E). We next investigated whether long-term depression
(LTD) of CA1 pyramidal cells was also altered in Cx307~Cx437/~
mice and found, using field potential recordings, an increased
magnitude of LTD (~100%) in these mice, because the fEPSP
slope was decreased by ~40% (30-40 min after LTD induction,
n = 5), whereas it was reduced by only ~20% in wild-type ani-
mals (P < 0.0001, n = 5; Fig. 3F). Interestingly, LTP was restored
in Cx307~Cx437~ mice (~58% fEPSP slope increase 30-40 min
after LTP induction, n = 5; Fig. S3) when synapse depotentiation
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Fig. 3. Astroglial Cx43 and -30 deficiency unsilences hippocampal CA1
synapses, occludes long-term potentiation, and enhances long-term de-
pression. (A) Reduction of silent synapses at hippocampal pyramidal cells
from Cx307/~Cx43~/~ mice, illustrated by 10 superimposed traces of response
at =70 mV to minimal stimulation in neurons from wild-type and Cx30~/~
Cx43™~ mice. (A, Upper) Mean traces illustrate the corresponding NMDA
response at +40 mV, in the presence of CNQX. (Scale bar, 5 pA, 10 ms.) (B)
The enhanced release probability in Cx30™"Cx43™~ mice was reduced to
wild-type level by lowering the extracellular Ca/Mg ratio (from 2.5 mN Ca/1.3
mM Mg to 2.2 mM Ca/1.6 mM Mg) during minimal stimulation. (C) Plots of
EPSC amplitude versus trial number at =70 and +40 mV. (D) Minimal stim-
ulation revealed less AMPAR response failures and increased EPSC amplitude
in pyramidal cells from Cx307"Cx43™"~ mice (P < 0.005, n = 10) compared
with wild-type mice (n = 9). (E) LTP, produced by two 100-Hz tetani sepa-
rated by 20 s (arrow), was nearly absent in slices from Cx307/~Cx43~'~ mice
(P < 0.005, n =9), whereas it was induced in wild-type slices (n = 9). (E, Upper)
Representative traces of averaged fEPSP recordings in slices before (solid
traces) and 40-50 min after tetanic stimulation of Schaffer collaterals
(shaded traces) are shown. (Scale bar, 0.05 mV, 10 ms.) (F) LTD, induced by
1-Hz stimulation over 15 min, as indicated by a solid line, was increased by
~100% in Cx30™~Cx43~~ mice (P < 0.05, n = 5), compared with wild-type
mice (n = 5). (F, Upper) Sample traces represent averaged field potentials
before (solid traces) and 50-60 min after tetanization (shaded traces). (Scale
bar, 0.05 mV, 10 ms.)

by LTD induction was performed before tetanic stimulation
of Schaffer collaterals to induce LTP. Altogether these findings
indicate that deficiency for Cx30 and Cx43 leads to synapse
unsilencing, therefore inducing profound alterations in the plas-
ticity of pyramidal cells, favoring synaptic depression.

Which alterations in disconnected astrocytes may cause in-
creased synaptic transmission? Astroglial whole-cell current pro-
files (Fig. S1 C and D), intrinsic membrane properties, resting
membrane potential, and membrane resistance (Fig. S1E) did not
differ between both genotypes. Gliotransmitter release (ATP,
glutamate, and D-serine), shown to modulate synaptic transmission
(1), was also unchanged in disconnected astrocytes during basal
neuronal activity evoked by stimulation of the Schaffer collaterals,
because blocking the targeted neuronal receptors, i.e., adenosine
Al receptors by 8-cyclopentyl-1,3-dipropylxanthine (DPCPX) and
NMDARs by (RS)-3-(2-Carboxypiperazin-4-yl-)-propyl-1-phos-
phonic acid (RS-CPP), had no differential effect on excitatory
transmission of CA1 pyramidal cells from wild-type and Cx30™~
Cx437~ mice (Fig. S44). Because increased synaptic activity in
Cx307/~Cx437/~ mice may result from inadequate ion/neurotrans-
mitter uptake, we investigated the ability of disconnected astrocytes
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to buffer potassium and uptake glutamate released synaptically.
For this purpose, we first measured simultaneously synaptically
evoked glutamate transporter (GLT) or potassium (K*) currents in
astrocytes (Fig. S5 C and F, respectively) and neuronal responses
(fEPSPs, Fig. S54), induced in wild-type and Cx307/~Cx437/~
hippocampal slices by similar Schaffer collateral stimulation, as
assessed by comparable fiber volley amplitudes from fEPSPs
(for GLT currents, Cx307"Cx437~, —=0.28 + 0.04 mV, n = 6 vs.
WT, =03 + 0.03 mV, n = 6; for K* currents, Cx307~Cx43™",
-024 + 0.03 mV, n = 9vs. WT, —0.29 + 0.02 mV, n = 7). Peak
amplitudes of evoked astroglial GLT and K* currents, isolated
pharmacologically (Fig. S5 B and C and E and F, respectively), were
increased by ~86% (n = 6) and ~79% (n = 9), respectively, in
Cx307~Cx437"~ mice relative to wild-type animals (n = 7 and n =
6, respectively; Fig. 4 4 and F). The enhanced astroglial GLT and
K* current amplitudes reflect the increased synaptic activity in
Cx307/~Cx437'~ mice, because they were comparable to wild-type
current amplitudes when normalized to the associated excitatory
transmission (Fig. 4 A and F), calculated by the fEPSP slope/fiber
volley ratio (Fig. S5 D and G). However, Cx30~~Cx43 7/~ astrocytes
fail to properly remove the enhanced extracellular glutamate and
potassium levels during synaptic activity. Indeed GLT currents
exhibited slower decay kinetics in Cx30™~Cx43~~ mice (Fig. 4B).
In addition, the actual time course of astroglial glutamate clear-
ance, derived from the recorded GLT currents by taking into account
its filtering (by factors such as electrical properties of astrocytes or
asynchronous transmitter release, distorting GLT current kinetics)
(10), was nearl/y two times slower in Cx30™~Cx43™~ mice (P < 0.05,
Cx307Cx437",10+ 1.4 ms,n = 5;WT,5.2+0.9ms,n = 5; Fig.4C).

Consistent with the decreased astroglial glutamate clearance,
we found that released glutamate persists longer at the synapse,
because the kinetics of evoked AMPAR EPSCs, measured in
the presence of cyclothiazide (100 uM) to prevent receptor
desensitization and known to be altered by glial GLT inhibition
(11-13), revealed prolonged decay times (~30%) in Cx307/~
Cx43~~ mice for similar current amplitudes than in wild-type
mice (Cx307~Cx437~, =113 £ 1 pA, n = 5 vs. WT, =111 + 0.7
pA, n = 6) (Fig. 4D). In addition, because astroglial GLTs limit
glutamate spillover in CA1 (14), activating NMDARs (14, 15),
we investigated decay kinetics of evoked NMDAR EPSCs and
found that they were also prolonged (~20%) in Cx30™~Cx43™"~
mice (Fig. S6B). This decay prolongation was likely due to the
weaker and slower activation of distant receptors on neighboring
synapses, because D-alpha-amino adipate (D-AA, 70 pM), a low-
affinity competitive NMDAR antagonist inhibiting mostly recep-
tors encountering low glutamate concentration, accelerated the
NMDAR EPSCs half decay times by ~20% in Cx30~~Cx43™~
mice, whereas it had no effect in wild-type mice (Fig. 4E), as
previously shown (15). Altogether, this result demonstrates that
glutamate spillover, activating NMDARs, occurs only in Cx30™/~
Cx43™"~ mice. Neuronal GLT EAATS3 (also known as EAAC1)
and EAATH4 levels are regulated by neuronal activity (16) and
also contribute to hippocampal glutamate clearance, limiting
NMDAR activation by glutamate spillover (15). However, they
are unlikely to contribute to the enhanced extracellular gluta-
mate levels in Cx30™/~Cx43~~ mice, because their expression
levels were unchanged (Fig. S64), and the prolonged decay times
of NMDAR EPSCs, reflecting glutamate spillover, occur al-
though neuronal GLTs were inhibited by depolarization (at +50
mV) of the postsynaptic neuron (Fig. S6B). Altogether these
findings indicate that disconnected astrocytes inadequately re-
move synaptically released glutamate, which accumulates and
prolongs neuronal excitatory activity.

Similarly, we found that during comparable neuronal activity
(0.1 ms pulse, 0.1 Hz, fiber volley Cx30~~Cx437~, =0.15 + 0.02
mV, n = 5 vs. WT, —0.18 + 0.01 mV, n = 5), extracellular
potassium concentrations ([K*],) rose to ~110% higher levels
in Cx307~Cx437'~ mice, monitored by the evoked astrocytic
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Fig. 4. Enhanced extracellular glutamate and potassium levels in Cx307/~
Cx43”~ mice due to altered astroglial clearance. (A) Synaptically evoked
astrocytic GLT currents are increased in Cx30~~Cx43~"~ mice (P < 0.05, n = 6),
compared with wild-type mice (n = 6). Normalization to the associated ex-
citatory synaptic transmission (fEPSP slope/fiber volley ratio) reveals similar
GLT current amplitudes. (Scale bar of representative current traces, 2.5 pA,
20 ms.) (B) GLT current decay time is prolonged in Cx30™~Cx43~/~ astrocytes
(P < 0.05, n = 10) compared with wild-type astrocytes (n = 9). (C) Deconvo-
lution-derived astroglial glutamate clearance by GLTs is slower in Cx307/~
Cx43™~~ mice (P < 0.05, n = 5), compared with wild-type mice (n = 5). (C,
Upper) Mean glutamate clearance time courses in wild-type and Cx307/~
Cx43~'~ mice, normalized and superimposed, are shown. (Scale bar, 0.2, 10
ms.) (D) Decay time of evoked AMPAR currents, recorded in the presence of
cyclothiazide (100 pM), is increased in pyramidal cells from Cx307~Cx437~
mice (P < 0.01, n =5, WT n = 6). (Scale bar, 20 pA, 50 ms.) (E) b-AA (70 uM)
speeds the decay kinetics (tso) of evoked NMDAR EPSCs (recorded at =70 mV
in 10 pM CNQX), only in Cx30™~Cx43~~ mice (P < 0.05, n = 5; WT n =5). (Scale
bar of representative current traces, 10 pA, 50 ms.) (F) Synaptically evoked
astrocytic potassium currents are increased in Cx30~~Cx43~~ mice (P < 0.05,
n = 8; wild type mice, n = 7). Normalization to the associated excitatory
synaptic transmission is shown. (Scale bar of representative current traces, 10
pA, 1 s.) (G) Extracellular potassium rise, evoked by comparable Schaffer
collateral stimulation (0.1 ms, 0.1 Hz) and monitored by astroglial membrane
potential depolarization (AV,,), is increased in Cx30™~Cx43~~ mice (P < 0.05,
n = 5; wild-type mice, n = 5). (Scale bar, 0.2 mV, 1.5 s.) (H) Kinetics of similar
AV, amplitudes (Cx30™7"Cx437~, 1.1 £ 0.1 mV, n = 5 vs. WT, 0.9 + 0.1 mV,
n = 5) revealed increased half width (P < 0.05) and decay time (P < 0.01) in
Cx307/~Cx437~ astrocytes. (Scale bar, 0.2 mV, 2s.)

membrane potential depolarization (17) (Fig. 4G). In addition,
astrocyte uncoupling prolongs the removal of [K*],, indicated by
the approximately threefold increased decay time and half-width
of synaptically evoked astroglial membrane potential depolari-
zations, measured for similar amplitude events in Cx30~~Cx437/~
and wild-type mice (Cx307"Cx437~, 1.1 + 0.1 mV, n = 5 vs.
WT, 0.9 + 0.1 mV, n = 5; Fig. 4H). Therefore, potassium buff-
ering by Cx307~Cx437/~ astrocytes is insufficient to remove
efficiently the higher [K*],. However, in basal conditions, we
found normal ambient extracellular potassium and glutamate
levels in Cx307/~Cx437/~ mice, indicated by unchanged resting
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membrane potentials of CA1 pyramidal cells (V, Cx307~Cx437,
=59.7 £+ 0.7 mV, n = 38 vs. WT, —=59.5 + 0.9 mV, n = 34) and
astrocytes (Fig. S1E), as well as by similar tonic NMDAR cur-
rents (Fig. S4B), respectively.

Prominent cell swelling may also occur in Cx307~Cx43
astrocytes, because they still take up high amounts of extracel-
lular potassium and glutamate (Fig. 4 A and F), associated with
water coentry to equilibrate intracellular osmolarity, and are
unable to redistribute them via the network. Therefore, we an-
alyzed astrocyte morphology in the stratum radiatum region and
found that astrocytes labeled with sulforhodamine 101 were hy-
pertrophic and displayed larger soma in Cx30~/~Cx43~/~ mice
than in wild-type mice (Fig. 54), as recently shown by electron
microscopy in adult Cx307/~Cx437~ mice (4). Furthermore,
GFAP immunoreactivity was enhanced (Fig. 5B) and revealed
that Cx307~Cx437/~ astrocytes occupy larger domain areas
(Cx307~Cx4377, 1900 + 10 pm?, n = 31 vs. WT, 1200 + 5 pm?,
n = 31; Fig. 5D), associated with an elongation of their processes
(Cx307"Cx4377,36 + 1 pm, n = 54 vs. WT, 28 + 0.8 um, n = 54;
Fig. 5E). Because enhanced expression of GFAP and hypertro-
phy of astrocytes are hallmarks of reactive gliosis, we investigated
whether astrocytes from Cx double-knockout mice were reactive
by using the vimentin marker. Vimentin expression, absent in
CA1l wild-type astrocytes, was detected in Cx307~Cx437/~
astrocytes (Fig. 5C). To investigate whether increased size of
astrocytic volume during synaptic activity affects extracellular
space (ECS) volume, we measured the concentration of an ex-
tracellular marker, tetramethylammonium (TMA™), by ion-selec-
tive microelectrodes (Fig. 64). During Schaffer collateral stim-
ulation (10 Hz/10 s), the relative decrease in ECS volume was
doubled in Cx30~~Cx43~'~ mice (Fig. 6 B and C), calculated by
the increase in the extracellular concentration of TMA™ from the
baseline level in CAl stratum radiatum (P < 0.0001, Cx30~~Cx437,
372+1.9uM,n =9vs. WT, 18 +£ 0.9 pM, n = 8; Fig. 6B). Therefore,
decreased ECS volume in Cx307~Cx43™"~ mice, by further in-
creasing extracellular concentrations of ions and neurotransmitters,
and possibly leading to an accumulation of diffusion barriers slowing
down ECS diffusion, will enhance even more synaptic activity and
prolong neuronal activation. In addition, the action of neuroactive
substances in the ECS will be further prolonged by the delayed
deswelling of Cx30~~Cx43 7/~ astrocytes following neuronal activity,
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Fig. 5. Uncoupled astrocytes are hypertrophic and reactive. (A) Cx30 and
-43 deficiency causes enhanced size of stratum radiatum astrocytes, as
detected by sulforhodamine-101 (SR101) labeling (Cx30~/~Cx437'~, n = 3; WT,
n = 3). (Scale bars, 10 pm and 30 pm.) (B, D, and E) Increased GFAP immu-
noreactivity (n = 3, B) and enlarged domain areas of Cx30~~Cx43~'~ astro-
cytes (P < 0.0001, n = 31; WT, n = 33, D), due to process elongation (P <
0.0001, Cx307/~Cx437'~, n = 54; WT, n = 54, E). (C) Astrocytes from Cx30~/~
Cx43~'~ mice (n = 3) are reactive, as shown by vimentin immunoreactivity
(n = 3). (Scale bar, 30 pm.)
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Fig. 6. Enhanced extracellular space volume reduction during neuronal
activity in Cx30~/~Cx43~'~ mice. (A) Scheme illustrating the increase in
extracellular concentration of TMA* ions during neuronal activity due to
cell swelling. (B) Representative traces of the time-dependent concentra-
tion change of the extracellular marker tetramethyammonium (TMA*)
during 10 Hz/10 s Schaffer collateral stimulation, recorded in the stratum
radiatum of the CA1 region. (C) Calculated relative changes in the extra-
cellular space (ECS) volume (Cx43~/~Cx30™~, n = 9; WT, n = 8). (D and E)
Normalized representative TMA* responses (D) show increased half-decay
time (E) (P < 0.0001, Cx307~Cx43™~, n = 9; WT, n = 8).

indicated by the ~100% increase in half decay time of the normal-
ized TMA™ responses (Fig. 6 D and E).

Discussion

Our findings establish astroglial gap junction-mediated networks
as major determinants of extracellular homeostasis, which con-
trol functions of the pre- and postsynaptic elements, as well as
their associated bidirectional synaptic plasticity. Indeed, connexin-
mediated astroglial networks scale synaptic activity, as they de-
fine the concentrations and dynamics of extracellular ions and
neurotransmitters during synaptic activity. Although discon-
nected astrocytes still manage to take up high levels of released
potassium and glutamate during synaptic activity, they are unable
to redistribute them via the network; swell due to intracellular
accumulation of high amounts of potassium, glutamate, and
cotransported water; and fail to remove the neuroactive sub-
stances efficiently, as shown by the reduced astroglial glutamate
clearance through GLTs, prolonged decay times of neuronal
AMPA and NMDA currents, and astroglial membrane depola-
rizations. Because astrocyte depolarization and ion gradient
disturbances inhibit GLT activity (18-23), the decreased gluta-
mate clearance by Cx30~/~Cx43~/~ astrocytes may also result
from the prolonged astroglial depolarization and enhanced
[K*]o we found during synaptic activity. Furthermore, because
astrocytes occupy 50% of the brain volume (24), their swelling
decreases significantly ECS volume during neuronal activity and
thereby can also contribute to the strong and prolonged increase in
the extracellular concentrations of ions and neurotransmitters
(25). These data reveal a major role for astrocytic networks in
glutamate clearance, potassium buffering, and ECS volume regu-
lation during basal synaptic activity. Indeed until now, a contribu-
tion of astroglial networks to glutamate clearance was not shown,
although glutamate, once taken up by astrocytes, can diffuse and
be dissipated through gap junction channels in astrocytic networks
(26), and a role for potassium buffering was assessed only during
trains of high stimulation and epileptiform activity in the absence
of postsynaptic activity (6), which nevertheless represents the main
source (80%) of extracellular potassium accumulation (27). In
addition, astrocytes are well known to contact postsynaptic ele-
ments (24) and therefore influence [K*], at these microcompart-
ments, as we found during intact pre- and postsynaptic activities.

Disruption of astrocytic networks has a major impact on neuro-
transmission, due to combined pre- and postsynaptic alterations,
including enhanced neuronal excitability, release probability, and
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insertion of postsynaptic AMPARs, unsilencing synapses. Our
findings point to a direct contribution of connexin-mediated
astroglial networks to ongoing synaptic transmission, because al-
tered physiology of Cx307"Cx43™~ astrocytes leading to in-
creased extracellular potassium and glutamate levels occurs only
during evoked basal synaptic activity. Furthermore, it seems un-
likely that alterations of neuronal activity are due to major de-
velopmental defects in Cx30™~Cx43™'~ mice, because we found
no change in the architecture of the hippocampus, presenting
normal layered structure; in the numbers of hippocampal CAl
astrocytes and neurons, as already reported (4); in the levels of the
pre- and postsynaptic proteins synaptophysin and PSD-95, re-
spectively, suggesting similar total synaptic contacts; and in the
number of synaptic inputs received by CAl pyramidal cells,
as assessed by similar size of the NMDA current induced
by minimal stimulation in Cx30~~Cx43~~ and wild-type mice.
Furthermore, LTP could be restored in Cx30~'~Cx43~~ mice by
synapse depotentiation, indicating that the underlying neuronal
functionality is preserved.

Enhanced release probability from CA3 inputs may reflect
increased extracellular potassium and glutamate levels evoked by
synaptic stimulation (28, 29) resulting from decreased astroglial
clearance and ECS, as well as the likely slower extracellular
diffusion due to astroglial volume increase (25). Furthermore in
CA1 pyramidal cells, the enhancement in synaptic activity is not
specific for excitatory transmission, but also affects inhibitory
inputs. This result strongly suggests that ECS volume reduction
concentrates various neuroactive substances, such as glutamate,
potassium, and GABA. Surprisingly, CA1 pyramidal cells have
also increased postsynaptic AMPAR density in Cx43~/~Cx307/~
mice. Although homeostatic synaptic scaling, adjusting synaptic
strength to compensate for changes in activity (30), should in-
duce a decrease in postsynaptic AMPAR density in Cx437/~
Cx307~ mice, our data suggest that persistent clevated gluta-
matergic input over development increased recruitment of syn-
aptic AMPARs, known to be activity dependent (8). Inter-
estingly, we found that disruption of astrocytic networks has no
impact on the total number of synapses, but converts silent
synapses to functional ones at CAl pyramidal cells, indicating
that enhanced recruitment of functional AMPARSs unsilences
synapses during development (8). This regulation has important
consequences for synaptic plasticity as conversion of silent syn-
apses to functional synapses at CAl pyramidal cells occurs
during LTP (8). Indeed, we found that astroglial networks are
crucial for synaptic plasticity, because the reduced pool of silent
synapses in Cx30~~Cx43~"~ mice occluded LTP and increased the
magnitude of LTD. Therefore, unsilencing synapses in Cx30~~
Cx43~'~ mice strongly shifts the threshold balance between LTP
and LTD, the cellular substrates for learning and memory, fa-
voring synaptic depression. Such a shift in LTP and LTD balance
was also found in other studies, where postsynaptic AMPAR
density was increased by overexpressing PSD-95, resulting in
less silent synapses (31-33). Because synapse depotentiation
restored LTP, this result further confirms that the defect in LTP
in Cx307"Cx43™"~ mice is downstream of NMDAR activation.

The significance of astroglial networks for normal brain func-
tions is highlighted by impairments in sensorimotor and spatial
memory tasks in Cx437~Cx307~ mice (4). Therefore, during
physiological conditions, astroglial network communication is
crucial for precise synaptic information transfer, processing, and
storage, because we show that it limits neuronal excitability, re-
lease probability, spillover, the number of functional synapses,
and it controls short and long-term synaptic plasticity. Among
the various substances crossing astrocyte gap junction channels,
neurotransmitters and ions predominate to regulate basal syn-
aptic activity. Indeed, although astroglial networks have recently
been shown to sustain synaptic transmission by providing energy
metabolites to distal neurons (5), such function is likely to be
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important in pathological conditions, such as hypoglycemia, al-
tering energy production, or epilepsy, associated to neuronal hy-
peractivity. Dysfunction of astroglial networks over time should
result in combined chronic increases in pre- and postsynaptic
functions, leading to a vicious circle: higher neuronal activity
causes more release, enhancing astroglial uptake (but insuffi-
ciently to remove efficiently the increased levels of neuroactive
substances), resulting in swelling, reducing extracellular space
volume, and increasing even more ion and neurotransmitter
extracellular concentrations. This insidious process can abolish
synapse independence, altering local information processing,
and leads to a higher susceptibility to hypersynchronization, a
hallmark of epilepsy (6), and to excitotoxicity at later develop-
mental stages (4).

Methods

Experiments were carried out according to the guidelines of the European
Community Council Directives of November 24, 1986 (86/609/EEC). Experi-
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ments were performed on the hippocampus of wild-type mice and Cx307/~
Cx43fl/fl:nGFAP-Cre mice (Cx307~Cx43~~, double knockout) (provided by
K. Willecke, University of Bonn, Bonn, Germany), with conditional deletion
of Cx43 in astrocytes (3) and additional total deletion of Cx30 (34), as pre-
viously described (6). For all analyses, mice of both genders and littermates
were used (P16-P25). Detailed protocols for electrophysiology, biochemistry,
and extracellular volume measurements are provided in S/ Methods.
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