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Connexin 30 sets synaptic strength by controlling

astroglial synapse invasion

Ulrike Pannasch>21%, Dominik Freche®*11, Glenn Dallérac->!1, Grégory Ghézalil:2, Carole Escartin®,
Pascal Ezan!:2, Martine Cohen-Salmon!>2, Karim Benchenane®, Veronica Abudara!>>1?, Amandine Dufour’,
Joachim H R Liibke”:3, Nicole Déglon>1?, Graham Knott?, David Holcman®#* & Nathalie Rouach!>2

Astrocytes play active roles in brain physiology by dynamic interactions with neurons. Connexin 30, one of the two main astroglial
gap-junction subunits, is thought to be involved in behavioral and basic cognitive processes. However, the underlying cellular
and molecular mechanisms are unknown. We show here in mice that connexin 30 controls hippocampal excitatory synaptic
transmission through modulation of astroglial glutamate transport, which directly alters synaptic glutamate levels. Unexpectedly,
we found that connexin 30 regulated cell adhesion and migration and that connexin 30 modulation of glutamate transport,
occurring independently of its channel function, was mediated by morphological changes controlling insertion of astroglial
processes into synaptic clefts. By setting excitatory synaptic strength, connexin 30 plays an important role in long-term synaptic
plasticity and in hippocampus-based contextual memory. Taken together, these results establish connexin 30 as a critical
regulator of synaptic strength by controlling the synaptic location of astroglial processes.

Bidirectional communication between astrocytes and neurons has
recently been shown to regulate neuronal excitability, synaptic
transmission and plasticity!. Indeed, astrocytes are dynamic sign-
aling brain elements that sense neuronal inputs by their ion chan-
nels, neurotransmitter receptors and transporters, and can respond
by complex calcium signaling, morphological plasticity and uptake
or release of numerous neuroactive factors to modulate neighboring
pre- and postsynaptic elements?~% However, the detailed molecular
mechanisms of such regulations are still elusive.

A key property of astrocytes is the expression of high levels of the gap
junction proteins connexins (Cx) 30 and 43, thought to contribute to
brain homeostasis through their role in intercellular communication,
mediating nutrient transport and potassium buffering®. Recent studies
also indicate that connexin functions extend beyond the classic inter-
cellular communication and include hemichannel-mediated exchange
with the extracellular space, as well as channel-independent functions
involving protein interactions, cell adhesion and intracellular signal-
ing®7. Although Cx43 is already established as a key player in brain
development and physiology™®, the role of Cx30, expressed in astro-
cytes later during development—after postnatal day (P) 10 (ref. 8)—
has been unexplored. Because astroglial Cx43 and Cx30 show dif-
ferential temporal and spatial distributions®, biophysical properties®,

C-terminal domains, regulation by neuronal activity'® and contri-
butions to behavior!1~13, determining the specific role of Cx30 on
neuronal physiology is a key issue. Notably, Cx30 is thought to be
involved in behavioral and basic cognitive processes, as it is upregu-
lated in mice raised in enriched environments!'4, known to promote
structural changes in the brain and to enhance learning and memory
performance, and its elimination alters the reactivity of mice to novel
environments and object recognition memory!L.

To understand the cellular and molecular basis of Cx30 regulation
of neuronal information processing, we investigated the specific role
of Cx30 in hippocampal synaptic transmission, plasticity and memory.
Mice deficient in Cx30 protein showed decreased excitatory synaptic
transmission mediated by AMPA receptors (AMPARs) and impaired
synaptic plasticity through modulation of synaptic glutamate levels.
This effect was due to altered astroglial glutamate clearance resulting
from changes in astrocytic morphology, controlling astroglial proc-
esses insertion into synaptic clefts. We furthermore identified Cx30
as a critical regulator of cellular adhesion and migration, and found
that the modulation of astroglial morphology and synaptic trans-
mission involved an unconventional, non-channel function of Cx30.
Strikingly, Cx30 regulation of synaptic efficacy altered hippocampus-
based contextual memory. Altogether, this establishes Cx30 as a key
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molecular determinant of astroglial synapse coverage, controlling by AMPA receptors (AMPARs), we tested for changes in membrane

synaptic strength and memory. AMPAR density, by recording in the presence of tetrodotoxin whole-

cell responses of pyramidal cells to local application of AMPA, which
RESULTS activates synaptic and extrasynaptic AMPARs throughout the cell.
Cx30 regulates hippocampal excitatory synaptic strength The size of the evoked current was similar in Cx30~/~ and Cx30*/*

To examine the contribution of Cx30 to synaptic strength, we first mice (Fig. 1b). In addition, normalization of the current to mem-
evaluated basal evoked synaptic transmission at CA1 Schaffer collat-  brane capacitance, unchanged in CA1 pyramidal cells from Cx30~/~
eral synapses in acute hippocampal slices from Cx30~/~ (also known  mice (Cx30*/*, 136 + 8 pF, n = 58 cells; Cx30~/~, 132 + 10 pE, n = 28
as Gjb6~'~) mice. We found a ~35% reduction in synaptic transmis- ~ cells, P = 0.7923, U = 783, Mann-Whitney), gave similar results
sion in Cx30~/~ mice by comparing the amplitude of the presynaptic ~ (Cx30*/*, 4.39 £ 0.53, n = 12 cells; Cx30~/~, 4.43 £ 0.51, n = 10 cells,
fiber volley (input) to the slope of the field excitatory postsynaptic P = 0.6194, U = 52, Mann-Whitney), suggesting no change in sur-
potential (fEPSP) (output) (Fig. 1a). As fEPSPs are largely mediated face AMPAR density. We then determined whether the reduction in

++ —/—
a b c d . I aa—————
~—NMDA M '[ L i i
w0 — T v ——
4404 ) "
L li
L -70 - [
* *
1.0 1.0
«~AMPA
P _ Z 081 z08
[ < a a8
g £ 1,000 . 8 g
> o o ° S 0.6 2 0.6
€ B o = 4 s a
£ £ -8001 " @ ° ° °
g s <3| B s 2
k) E _e00] 8 g o B 04 5 o4
o € —E z - £ 1S
9] | =2 S S
) g 400 e < 3 3
& 3 8 s g 0.2 0.2
- < -2001 8 <1 ° O +/+
: .
0 . . . . . . = 0 0 ot——— 0 T T )
005 010 015 020 025 030 - ++ -~ 0 —10 —20 —30 —40 0 10 20 30
Fiber volley amplitude (mV) mEPSC amplitude (pA) mEPSC frequency (Hz)
—Control —y DGG —Control - ONaX 0+/+ ® /-
o
1004 ©
8
< g0- T 60 - . S
g g% S S 604 £
2 o ! 25 o g 4007 g
£ 60 ) M £ ° o 3 8 °
— . i 2] i =
\2 2 _:3:_ g 40 % o 300 404 o
b o H S 30 i ekt °
40 E
g : g & 2004 w il
£ % £ 20 3 MM 20
2 20 =3 N *
g g £ 104 T 100 8w °
o 8 o E 4 L4
D %) S hd
i 0- & 0- z 0 T T T T T 0
+/+ -/ +/+ —/- 0 10 20 30 40 50 A B A B
Time (min) ++ =

Figure 1 Cx30 controls synaptic strength by regulating synaptic glutamate levels. (a) Input-output curves for basal synaptic transmission, illustrated in
the sample traces and the graph below. fEPSP slope (output) was decreased in Cx30~"~ mice (input, arrow) (Cx30** n = 25 slices, Cx30~~ n = 24
slices; genotype: P< 0.0001, F(1,282) = 41.03; fiber volley: P < 0.0001, F(5,282) = 52.05; two-way ANOVA). Scale bar, 0.1 mV and 5 ms.

(b) Whole-cell evoked AMPAR currents (5's, 10 uM AMPA + 100 uM cyclothiazide + 0.5 uM TTX) in pyramidal cells from Cx30** (n = 12 cells) and
Cx30-'- mice (n =10 cells) were similar (P=0.2897, #20) = 1.088, unpaired t test). Scale bar, 50 pA and 20 s. (c) Ratios of AMPA to NMDA EPSCs
in pyramidal cells from Cx30** (n= 17 cells) and Cx30~/~ mice (n = 22 cells) were similar (P=0.4561, #37) = 0.7531, unpaired t test). Scale bar,
20 pA and 20 ms. (d) Cumulative distributions of mEPSC amplitude and frequency, with sample traces above, differed between Cx30~~ (n = 8 cells)
and Cx30** mice (n = 8 cells) (MEPSC amplitude: P = 0.0348, KS = 0.45; mEPSC frequency: P = 0.0348, KS = 0.45; Kolmogorov-Smirnov). Scale
bar, 10 pA and 250 ms. (e) Synaptic glutamate levels, revealed by y-DGG (0.5 mM) inhibition of EPSC amplitude (gray trace), were reduced in Cx30~/~
mice (Cx30* n =16 cells, Cx30~~ n=15 cells, P=0.0013, #(15) = 3.947, unpaired t test). Scale bar, 10 pA and 20 ms. (f) Inhibition of the EPSC
amplitude by CNQX (0.5 uM, gray trace) in Cx30~~ (n = 5 cells) and Cx30** mice (n = 5 cells) was similar (P=0.4127, U = 8, Mann-Whitney).

Scale bar, Cx30*+ 20 pA, Cx30-'~ 15 pA, and 20 ms. (g) Tetanus-induced LTP (arrow, two 100 Hz tetani for 1 s, interval 20 s) was reduced in Cx30~/~
(n =7 slices) as compared to Cx30** slices (n = 8 slices, P=0.0423, #(13) = 2.252, comparison 30-40 min after the tetanus, unpaired t test).
Sample traces represent averaged fEPSPs before and 30-40 min after tetanization. Scale bar, 0.1 mV and 10 ms. (h) In Cx30~~ mice, fear conditioning
was unable to induce enhanced freezing behavior in response to the conditioning context A, unlike in Cx30*+ mice. (Cx30** n =7 mice, P=0.002,
U=0; Cx30"- n=6 mice, P=0.81, U= 16, Mann-Whitney). All data are expressed as mean +s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001.
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excitatory synaptic transmission was specific to AMPARs, by com-
paring the AMPAR and NMDAR components of the EPSC in CA1
pyramidal cells. The AMPA/NMDA ratio was unchanged in Cx30~/~
mice (Fig. 1¢), indicating that the defect in synaptic transmission
also affects NMDAR currents. Analysis of AMPAR miniature excita-
tory postsynaptic currents (mEPSCs) also revealed in Cx30~/~ mice a
reduction in frequency (Cx30*/*,0.99 £0.13 Hz, n = 8 cells; Cx307/-,
0.49£0.12 Hz, n = 8 cells; P = 0.0122, #(14) = 2.875, unpaired ¢ test)
and amplitude (Cx30*/+, -14.7 £ 0.5 pA, n = 8 cells; Cx30~/~, -11.5 +
0.7 pA, n = 8 cells; P = 0.019, t(14) = 3.806, unpaired ¢ test) of these
events (Fig. 1d). Because the cumulative probability showed an overall
decrease in mEPSC amplitudes (Fig. 1d), suggesting reduced synaptic
glutamate levels, the strong decrease in mEPSC frequency could be
secondary to decreased amplitudes of a large subset (~50%) of mini-
ature events below the threshold of detection. Consistent with this
hypothesis, partial inhibition of AMPARs with 100 nM CNQX in
slices from Cx30*/* mice mimicked the decrease in mEPSC frequency
and amplitude in Cx30~/~ mice (Supplementary Fig. 1a). To directly
test for a change in synaptic glutamate levels in Cx30~/~ mice, we used
v-D-glutamylglycine (y-DGG), a low-affinity competitive antagonist
of AMPARs, at a nonsaturating concentration (0.5 mM) at which its
potency depends on glutamate concentration. y-DGG inhibition of
evoked AMPAR EPSCs was stronger in pyramidal cells from Cx30~/~
mice than from Cx30*/* mice (Fig. 1e). In contrast, the high-affinity
competitive AMPAR antagonist CNQX, used at nonsaturating concen-
tration (500 nM), was similarly effective in pyramidal cells from Cx30~/~
mice and Cx30*/* mice (Fig. 1f). Taken together, these data show that
the decreased excitatory synaptic transmission in Cx30~/~ mice is due
to reduced synaptic glutamate, rather than to postsynaptic defects.

To investigate whether in pyramidal cells the defect in synaptic
transmission was restricted to excitatory postsynaptic currents, we
analyzed miniature inhibitory postsynaptic currents. However we
found no significant alteration in their frequency or amplitude in
pyramidal cells from Cx30~/~ mice (Supplementary Fig. 1b).

The alteration of excitatory synaptic activity in pyramidal cells did
not result from a developmental defect, as Cx30 is only expressed
after P10 in astrocytesg, and before its expression onset, excitatory
synaptic transmission, assessed by mEPSCs in P8-P10 mice, was nor-
mal in pyramidal cells from Cx30~/~ mice (Supplementary Fig. 1c).
In addition, mice deficient in Cx30 at later stages showed no gross
anatomical defects and presented normal hippocampal architecture
and numbers of CA1 pyramidal cells and astrocytes, assessed by NeuN
and S100 staining, respectively (Supplementary Fig. 2a,b). Finally,
synapse density in stratum radiatum (Supplementary Fig. 2¢) and
postsynaptic density (PSD) areas (Supplementary Fig. 2d), measured
by electron microscopy, as well as levels (Supplementary Fig. 2e) and
distributions (data not shown) of the pre- and postsynaptic proteins
synaptophysin and PSD-95, were also unchanged in these mice.

Cx30 controls long-term synaptic plasticity and memory
Because Cx30 regulates synaptic glutamate levels at Schaffer collat-
eral synapses, we investigated its involvement in long-term synaptic
plasticity thought to underlie learning and memory. We found that
long-term potentiation (LTP), induced by brief tetanic stimulation of
Schaffer collaterals, was reduced by ~60% in Cx30~/~ mice (Fig. 1g).
The reduced LTP magnitude arose from weaker NMDAR activa-
tion during induction, because pairing of synaptic stimulation with
postsynaptic depolarization restored normal LTP in Cx30~/~ mice
(Supplementary Fig. 3a).

Previous studies have shown that hippocampal plasticity is important
for contextual learning!®. We thus examined freezing behavior after fear

ARTICLES

conditioning sessions in Cx30~/~ mice and found a strong reduction in
contextual fear memory 24 h after conditioning (Fig. 1h).

Cx30 does not alter cell excitability and gliotransmission

How does Cx30 regulate synaptic glutamate? Schaffer collateral
afferent responses were unchanged in Cx30~/~ mice, as similar stimu-
lation current intensities evoked presynaptic fiber volleys of similar
amplitudes in Cx30~/~ mice and Cx30** mice (Supplementary
Fig. 3b). Intrinsic membrane properties and neuronal excitability
were also unchanged in CA1 pyramidal cells from Cx30~/~ mice,
presenting normal resting membrane potentials, action potentials
and firing patterns (Supplementary Fig. 3¢,d).

Because astrocytes can regulate excitatory transmission through
release of gliotransmitters (ATP, glutamate, D-serine)!, we examined
whether these pathways were altered in Cx30~/~ mice by inhibiting
the targeted neuronal receptors. However inhibition of adenosine
Al receptors (A1Rs), NMDARs or metabotropic glutamate receptors
(mGluRs) had no differential effect on evoked glutamatergic
transmission of pyramidal cells from Cx30** and Cx30~/~ mice
(Supplementary Fig. 3e). Thus, NMDARs, A1Rs and mGluRs, regu-
lators of presynaptic release, are not involved in the control of synaptic
glutamate by Cx30.

Cx30 controls excitatory transmission via glutamate uptake
Astrocytes provide the main uptake system for glutamate!®. To
investigate whether reduced synaptic glutamate levels in Cx30~/~
mice are attributable to increased astroglial glutamate clearance, we
simultaneously measured synaptically activated glutamate trans-
porter (GLT) currents in astrocytes and neuronal responses (fEPSPs)
(Supplementary Fig. 4a). Evoked responses in Cx30*/* and Cx30~/~
hippocampal slices were induced by similar Schaffer collateral stimu-
lation intensity, as assessed by similar fiber volley amplitudes from
fEPSPs and evoked potassium currents in astrocytes (Supplementary
Fig. 4b,c). However, in Cx307/~ mice, the amplitude of astroglial GLT
currents, isolated pharmacologically (Supplementary Fig. 4a), was
almost doubled (Supplementary Fig. 4d), while the associated excita-
tory synaptic transmission was decreased (Supplementary Fig. 4e).
Consequently, when normalized to the fEPSP slope, the GLT current
was increased by ~200% in Cx30~/~ mice (Fig. 2a). This alteration did
not result from changes in intrinsic membrane properties or current
profiles of astrocytes in Cx30~/~ mice (Supplementary Fig. 4f,g).

If increased astroglial glutamate transport is indeed reducing syn-
aptic transmission in Cx30~'~ mice, reduction of astroglial GLT cur-
rents in Cx30~/~ mice to wild-type levels (by ~50%) should restore
normal synaptic transmission. GLT1 inhibition by dihydrokainic
acid (DHK, 100 uM) reduced astroglial transporter currents by
~50% in Cx30~/~ mice (-44 + 2.4%, n = 4 cells, P = 0.0126, t(3) =
5.37059, paired t test), and enhanced synaptic glutamate concentra-
tion in Cx30~'~ mice (Fig. 2b) to wild-type levels (Fig. 1e). DHK
also increased the frequency of mEPSCs (Fig. 2¢) and the ampli-
tude of evoked EPSCs (Fig. 2d) selectively in CA1 pyramidal cells
from Cx30~/~ mice but not from Cx30*/*mice. Finally wild-type LTP
magnitude was fully restored in Cx30~/~ mice by DHK, applied tran-
siently for 3 min before the tetanus (Fig. 2e). Taken together, these
results demonstrate that increased glutamate clearance by Cx307/~
astrocytes decreases synaptic glutamate concentration and thereby
reduces synaptic strength.

Cx30 does not change total glutamate transporter levels
Enhanced astroglial glutamate uptake activity might result from
increased GLT expression. However, quantitative western blot analysis
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Figure 2 Cx30 control of synaptic glutamate levels is caused by altered astroglial glutamate uptake. (a) Cx30-/- astrocytes (n = 10 cells) showed
greater GLT currents normalized to fEPSP slope than Cx30%/+ (n= 10 cells, P=0.0218, #9.901) = 2.718, unpaired t test with Welch’s correction).
Scale bar, 2 pA and 20 ms. (b-e) In Cx30-/~ mice, DHK (100 uM) restored synaptic glutamate to wild-type levels, as examined with y-DGG (b; DHK
n =4 cells, without DHK n = 15 cells (see Fig. 1e), P= 0.0036, U = 3, Mann-Whitney), increased mEPSC frequency (c; Cx30"+ n=5 cells, P=
0.8061, #(4) = 0.2623, Cx30"~ n=7 cells, P=0.0055, #6) = 4.235, paired t-test), increased EPSC amplitude (d; Cx30** n= 22 cells, P=0.1762,
W =85, Cx30"- n=17 cells, P=0.0067, W= 111, Wilcoxon matched pairs test) and rescued normal LTP magnitude when applied for 3 min
before the tetanus (e; Cx30*+ n = 8 slices, Cx30~~ n = 7 slices, Cx30~/~ + DHK n = 10 slices; comparison 30-40 min after the tetanus, P = 0.033,
F(2) = 3.98645, one-way ANOVA; post hoc Dunnett (comparison to Cx30*+ group), Cx30~/~ P= 0.0245, g = 2.695, Cx30- + DHK P = 0.744,

g =0.6466). Same data for Cx30~~ and Cx30** mice as in Figure 1g. (f) Quantitative immunoblotting for GLT1 and GLAST showed similar total
expression in Cx30~~ (n = 3 mice) and Cx30*+ (n = 3 mice) hippocampal extracts. (g) GLTs were similarly enriched in raft domains (identified by
flotillin-1 accumulation) in Cx30~/~ (n = 6 mice) and Cx30** (n = 6 mice) hippocampal extracts. Full-length blots are presented in Supplementary
Figure 8a,b. (h) Protein distribution (%) in raft and non-raft fractions (GLT1: P=0.3418, #(10) = 0.9981; GLAST: P=0.714, {10) = 0.3770;
flotillin-1: P=0.2408, #10) = 1.2471, unpaired t test). (i) Functional surface expression of GLTs, assessed by whole-cell currents evoked by
p-aspartate (1 s, 10 mM p-aspartate + 10 uM CPP + 0.5 uM TTX), was not altered in Cx30-/~ astrocytes (Cx30**+ n = 7 cells, Cx30~'~ n = 8 cells,
P=0.815, #(13) = 0.2382, unpaired t test). Scale bar, 50 pA and 10 s. All data are expressed as mean +s.e.m. *P< 0.05, **P< 0.01.

for GLAST and GLT1, the two astroglial GLTs, revealed no change
in total GLT levels from Cx30~/~ whole hippocampi (protein levels
normalized to tubulin; GLAST: Cx30*/*,2.7 £ 0.4, n = 3 mice; Cx307/-,
2.9 £ 0.5, n = 3 mice; P = 0.2529, t(4) = 1.335, unpaired ¢ test; and
GLT1: Cx30%/*,1.940.05, n = 3 mice; Cx30~/~, 1.8 £ 0.2, n = 3 mice;
P =0.7960, t(4) = 0.2763, unpaired ¢ test; Fig. 2f) or isolated lipid
raft compartments (Fig. 2g,h), where functional GLTs are enriched!”
(Supplementary Fig. 5a,b). To further test for changes in the density
of functional GLTs, we recorded whole-cell responses of astrocytes
to alocal saturating concentration of p-aspartate (10 mM, 1 s) in the
presence of tetrodotoxin and 3-((R)-2-carboxypiperazin-4-yl)-pro-
pyl-1-phosphonic acid (CPP). The size of the evoked GLT currents
in Cx30~/~ mice was unchanged (Fig. 2i).

Although these data suggest a similar number of functional surface
GLTs in Cx30~/~ astrocytes, local alterations in GLT density specifi-
cally around synapses might remain undetected. Therefore, we fur-
ther investigated whether increasing GLT density in astrocytes from

wild-type mice could mimic the decrease in excitatory synaptic trans-
mission we found in Cx30~/~ mice. For this, we took advantage of the
B-lactam antibiotic ceftriaxone, which has been shown to enhance
GLT1 expression and thereby alters neuronal plasticity and behavior,
as well as offers neuroprotection!8-20, by modulating the activity of
extrasynaptic glutamate receptors!®. However, ceftriaxone treatment
in wild-type mice had no effect on excitatory synaptic transmission of
CA1l pyramidal neurons (Supplementary Fig. 5c). Thus, the altera-
tion solely of total GLT levels is unlikely to account for the defects of
synaptic transmission in Cx30~/~ mice.

Cx30 non-channel function regulates synaptic transmission

Which function of Cx30, channel or non-channel, mediates the reg-
ulation of excitatory synaptic transmission? Because we found gap
junctional communication decreased by ~50% in stratum radiatum
astrocytes of Cx30~/~ mice (Fig. 3a,b), and no compensatory regula-
tion of Cx43 and Cx26 protein levels (Fig. 3c), we examined whether
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Figure 3 Cx30-mediated effects are channel
independent. (a,b) Reduction of gap junctional
coupling in stratum radiatum astrocytes from
Cx307- (n =16 cells), Cx30TMT5M (5 = 8 cells)
compared to Cx30** (n = 26 cells) mice
(P<0.0001, F(2) =23.28677, one-way
ANOVA; post hoc Dunnett (comparison to
Cx30** group), Cx30-'~ P< 0.001, g = 6.030,
Cx30TSM/TSM P < 0.001, g = 4.855), as revealed
by biocytin diffusion. Scale bar, 100 um. Cx43
(c) Cx43 and Cx26 protein expression in Cx30~~ I
mice (n = 3 mice) was similar to that in wild- P2 .

type mice (n= 3 mice). Phosphorylated isoforms ,F\TP- - -
1 and 2 (P1, P2) and non-phosphorylated

(NP) Cx43 are seen. Full-length blots are
presented in Supplementary Figure 8c.

(d—f) Inhibition of gap junction communication
in Cx30*+ astrocytes to Cx30~/~ levels (by
~50%) by carbenoxolone (CBX, 10 uM, 10 min),
as quantified by sulforhodamine B diffusion

(d; Cx30*+ (Ctrl) n=5 cells, Cx30**+ + CBX
n=10cells, P=0.0113, U= 5, Mann-Whitney)
did not change neuronal transmission (e; n=3
slices, fiber volley: P=0.8260, #2) = 0.2499,
fEPSP slope: P=0.7642, t(2) = 0.3432,

paired t test) and astrocytic GLT currents

(f; n=4 cells, P=0.875, W= 2, Wilcoxon
matched pairs test). Scale bar, 1 pA and 20 ms.
(g,h) Cx30 hemichannel-dependent uptake was
not observed in astrocytes in control conditions:
CBX (200 uM), a hemichannel blocker, had

no effect on basal ethidium bromide uptake in
Cx30%* and Cx30-'~ mice (n = 5 slices for both
genotypes, Cx30** P=0.3810, U=8; Cx307~
P=0.9444, U= 12, Mann-Whitney), whereas
removal of extracellular calcium (O Ca2*) did

(n = 6 slices for both genotypes, Cx30++
P=0.0022, U=0; Cx307- P=0.0022, U=0,
Mann-Whitney), an effect inhibited by CBX

(n = 5 slices for both genotypes, Cx30++
P=0.500, U=9; Cx30~~ P=0.4444, U= 8.5,
Mann-Whitney). A control condition was included
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independently for each treatment and statistics were analyzed on raw data (comparison to control condition). Scale bar, 10 um. (i) Local infection in
stratum radiatum (s.r.) by astrocyte-targeted lentiviral vectors encoding GFP and full-length Cx30 (detected by immunohistochemistry, red; s.p., stratum
pyramidale; s.o., stratum oriens). Scale bar, 150 um. (j) Lentiviral vectors target astrocytes in vivo: they restricted transgene expression (GFP, green)
almost exclusively to GFAP-positive cells (detected by immunohistochemistry, red). Scale bar, 25 um. (k) Input-output curves for basal synaptic transmission
in Cx30** mice (n = 6 slices), Cx30™M/T5M mice (n = 8 slices) and Cx30~~ mice locally infected by lentiviral vectors encoding GFP only (n=11

slices), or GFP and either full-length Cx30 (n = 14 slices) or Cx30ACter (n = 13 slices). Only expression of full-length Cx30 restored normal synaptic
transmission in Cx30~~ mice (genotype: P< 0.0001, F(4,294) = 36; fiber volley: P< 0.0001, F(5,294) = 328.9, two-way ANOVA; post hoc uncorrected
Fisher’s LSD, fiber volley: 0.15 mV P=0.0176, 0.2-0.3 mV P < 0.001, as compared to Cx30-~ + GFP). Excitatory transmission in Cx30T5M/T5M mice
was comparable to that in Cx30%+ mice (post hoc uncorrected Fisher's LSD, fiber volley: 0.05 mV P=0.897, 0.10 mV P=0.925, 0.15 mV P= 0.868,
0.20mV P=0.677,0.25mV P=0.677,0.30 mV P=0.352). All data are expressed as mean + s.e.m. *P< 0.05, **P< 0.01, ***P < 0.001.

gap junction channels were involved in both synaptic transmission
and glutamate clearance. To do so, we first reduced gap junction cou-
pling in Cx30*/* mice to Cx30~/~ levels (by ~50%) with carbenoxolone
(CBX, 10 uM, Fig. 3d). However this did not reduce evoked fEPSPs
(Fig. 3e) or increase synaptically evoked GLT currents in astrocytes
(Fig. 3f). In addition, double-knockout mice for Cx30 and Cx43,
totally devoid of gap junctional coupling, show no decrease in exci-
tatory transmission?!.

We furthermore excluded a contribution of Cx30 hemichannels
because, under our physiological recording conditions, we did not
detect functional Cx30 hemichannels in astrocytes, as assessed by
ethidium bromide uptake (Fig. 3g,h). To further test the involve-
ment of non-channel functions of Cx30, we investigated excitatory
synaptic transmission in Cx30T°M/T5M mice, in which the replace-
ment of a threonine by a methionine at position 5 of Cx30 leads to a

defective Cx30 channel pore but intact membrane targeting?>23. We
found in Cx30T"M/T5M mice that, despite the reduction of astroglial
gap junctional communication by ~50%, as found in Cx30~/~ mice
(Fig. 3a,b), excitatory transmission of CA1 Schaffer collateral syn-
apses was unchanged (Fig. 3k).

Because non-channel functions of connexin, such as intracellular
signaling and cytosolic protein interactions, are mediated primarily
by their intracellular C-terminal domain®’, we investigated whether
this domain was involved in Cx30 regulation of synaptic transmission.
We used a lentiviral vector targeting selectively astrocytes in vivo?*
to induce locally in the hippocampal CA1 area of Cx30~/~ mice the
expression of either full-length Cx30, C-terminally truncated Cx30
(Cx30ACter) or GFP (Fig. 3i,j). While lentivirally mediated restoration
of Cx30 expression in stratum radiatum Cx30~/~ astrocytes (Fig. 3i)
rescued normal excitatory transmission, the Cx30ACter failed to do
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Figure 4 Cx30 regulates cell morphology,
adhesion and migration. (a—e) GFAP
immunoreactivity, in arbitrary units (a.u.), was
increased in Cx30-"- astrocytes (a,b; Cx30*+

n =59 cells, Cx30~- n=42 cells, P< 0.0001,
H44.55) = 4.883, unpaired t test with Welch'’s
correction) and revealed larger domain areas

(c; Cx30%* n =30 cells, Cx30~- n =35 cells,
P=0.0054, {52.88) = 2.901, unpaired t test
with Welch'’s correction), elongated processes
(d; Cx30*+ n = 49 cells, Cx30-- n = 48 cells,
P=0.0025, {86) = 3.116, unpaired t test with
Welch’s correction) and enhanced ramification
(e; Cx30%*+ n=12 cells, Cx30~- n= 17 cells;
radial distance from soma 2 um: P=0.9747,
U= 101; 7 um: P= 0.1441, U= 69; 12 um:
P=0.2640, U=76.5; 17 um: P=0.0033,
U=38;22um: P=0.0011, U= 32.5;
Mann-Whitney). Left (e), illustration of

process measurements and Sholl analysis for
intersection quantification in a GFAP-labeled
astrocyte. Scale bar, 10 um. (f) GFAP and

Cx30 immunolabeling in hippocampal slices
from Cx30~/~ mice (8 weeks old) infected with
lentivirus encoding GFP, or GFP and either full-
length Cx30 or Cx30ACter. Scale bar, 50 um.
(g,h) Wild-type morphology was rescued by full-
length Cx30 (n = 40 cells), but not GFP (n = 30
cells) or Cx30ACter (n = 42 cells), as assessed
by longest process length (g; P < 0.0001,
F(2,109) = 13.77, one-way ANOVA; post hoc
Dunnett (comparison to Cx30~~ + GFP group),
Cx30- + Cx30 P< 0.0001, g(109) = 4.606;
Cx307- + Cx30ACter P=0.759, q(109) = 0.6065)
and process ramification (h; radial distance from
soma 2 um: P=0.2889, KW = 2.483; 7 um:
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P=0.1800, KW = 3.429; 12 um: P=0.0096, KW =9.302; 17 um: P< 0.0001, KW = 29.37; 22 um: P< 0.0001, KW = 24.79, Kruskal-Wallis;
Dunn’s post hoc test (comparison to Cx30~/~ + GFP group), Cx30~/~ + Cx30 12 um: P = 0.0375, 17-22 um: P< 0.0001, Cx30-'~ + Cx30ACter

12-17 pm: P=1.00, 22 um: P=0.928). (i) Adhesion to different extracellular matrix components, measured as fluorescence of adherent cells, was
reduced as compared to that of wild-type Hela cells in HelLa cells expressing full-length Cx30 (n = 4 cultures; wild-type HelLa n = 4 cultures;
P=0.0286, U= 0 for all three conditions, Mann-Whitney), but not Cx30ACter (n = 4 cultures; wild-type HelLa n = 4 cultures; collagen I: P=0.4857, U=5;
collagen IV: P> 0.9999, U = 8; laminin: P=0.8286, U = 7; Mann-Whitney). A control condition was included independently for each treatment

and statistical analysis was performed on raw data. (j) Cell migration illustrated by phase-contrast images of HelLa cell monolayers O h and 48 h after
removal of a nonattachable gel spot. Scale bar, 100 um. (k) Migration of Hela cells expressing full-length Cx30 (n =11 cultures) was delayed and

inhibited as compared to that of wild-type Hela cells (n= 11 cultures) (24 h: P<0.0001, #20) =

6.000; 48 h: P=0.0007, #20) = 4.024; unpaired

t test), as quantified by the closure of an open circle. In contrast, migration of Cx30ACter Hela cells (n = 3 cultures) was similar to that of wild-type

cells (n =3 cultures) (24 h: P=0.5536, #(4) =

0.6457; 48 h: P=0.2670, t(4) = 1.289; unpaired t test). A control was performed independently for

each condition and statistical analysis was performed on raw data. All data are expressed as mean + s.e.m. *P< 0.05, **P< 0.01, ***P < 0.001.

so (Fig. 3k). Taken together, these results suggest that non-channel
functions of Cx30, involving its C-terminal domain, mediate the regu-
lation of synaptic transmission.

Cx30 controls cell morphology, adhesion and migration

Channel-independent functions of connexins include cell adhe-
sion and protein interactions’, and Cx30 has recently been shown
to interact with actin and tubulin?. In addition, one determining
factor of astroglial glutamate clearance is the glial coverage of neu-
rons>426. We therefore investigated whether Cx30 regulates astroglial
morphology. Astrocytic soma area and overall volume of proximal
processes, detected by cytoplasmic S100 staining or sulforhodamine
101 labeling, were unchanged in Cx30~/~ astrocytes (Supplementary
Fig. 6a-c). However, ultrastructural analysis using electron micro-
scopy revealed that the total volume of astrocytic processes in the
neuropil of the stratum radiatum region was increased by ~25%
in Cx30~/~ mice (see below), suggesting an increased size and/or
number of fine distal processes. In addition, GFAP immunoreactivity

was enhanced in hippocampal astrocytes from Cx30~/~ mice
(Fig. 4a). This was not a result of reactive gliosis in Cx30~/~ mice, as
confirmed by unchanged immunoreactivity for glutamine synthetase
and for signal transducer and activator of transcription 3 (STAT3),
as well as absence of vimentin staining and of intermediate filament
accumulation as observed by electron microscopy (Supplementary
Fig. 6d-h). Instead, increased GFAP levels revealed a larger domain
area, elongated processes and enhanced ramification of Cx30~/~ astro-
cytes (Fig. 4a-e), as assessed by Sholl analysis.

How does Cx30 modulate astroglial morphology? As in the regu-
lation of synaptic transmission, we found that the Cx30 C-terminal
domain was necessary for the role of Cx30 in morphology, because
the changes induced in Cx30~/~ astrocytes (increased GFAP, proc-
ess elongation and ramification) were inhibited by lentivirally medi-
ated expression of full-length Cx30, but not Cx30ACter (Fig. 4f-h).
Because cell morphology strongly depends on adhesive proper-
ties?” and other connexins have been shown to regulate adhesion
independently of channel-mediated intercellular communication®,
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we investigated whether Cx30 modifies cell adhesion to the extra-
cellular matrix. We found adhesion to collagen and laminin strongly
reduced in HeLa cells expressing Cx30, but not Cx30ACter (Fig. 4i).
Furthermore cell migration was profoundly decreased in HeLa cells
transfected with Cx30, but not Cx30ACter (Fig. 4j,k). Taken together,
these data demonstrate that Cx30, through its C-terminal domain,
controls cell morphology and motility.

Astroglial synapse invasion alters excitatory transmission

Because Cx30 regulation of synaptic strength through glutamate
uptake does not involve the well-known modulation of extrasynaptic
receptors controlling presynaptic release* (Supplementary Fig. 3e)

Figure 6 Astrocytes deficient in Cx30 invade
synaptic clefts. (a) Serial electron microscopy
images showing astroglial processes (green)
penetrating the synaptic cleft in the stratum
radiatum of Cx30~- mice. PSD, arrowhead;
axonal bouton, b; dendritic spine, s. Scale bar,
0.2 um. (b) Astrocytes from Cx30~'~ mice (n=3
tissue samples) occupied a larger volume of the
neuropil than those from Cx30*+ mice (n=3
tissue samples, P=0.0024, {4) = 6.798,
unpaired t test), (c) Astrocyte perimeter of the

synaptic cleft was comparable (P = 0.2864, s O ++
U=21671, Mann-Whitney) in Cx30++ T 250 ®-- .
(n =176 synapses) and Cx30~~ mice (n= 262 5 200 4 o
synapses). (d) Number of astroglial protrusions % " L
apposed to PSDs per synapse in defined 5107 . 00
volume fractions was increased in Cx30~/- § 1004 o o°
mice (P < 0.0001, #(13) =6.323, n= 9 tissue § sl * o
samples, unpaired t test) as compared to § so"

o
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Figure 5 Astroglial process extension toward
synaptic clefts enhances glutamate clearance
and decreases AMPAR-mediated synaptic
transmission. (a) Sketch of a synapse. After
vesicle fusion, released glutamate (green)
can be taken up by GLTs (gray), preventing
glutamate from AMPAR binding (pink).

(b) Synapse geometry used for simulation of
AMPARs and GLTs after glutamate release.
Astrocytic protrusions were raised from the glial
sheath at varying depth such that protrusions
of large depth penetrated the synaptic cleft.
f (c) Without protrusion, AMPAR currents were
independent of GLT density. (d,e) Simulated
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and because Cx30 regulated the extent of
astroglial processes (Fig. 4a-h), we inves-
tigated whether an extension of these pro-
cesses, highly enriched in GLTs!, toward
synaptic clefts might enable them to access synaptic glutamate directly
and thereby shape postsynaptic responses.

To do so, we first developed a mathematical model of a synapse
surrounded by astroglial processes with membrane protrusions
(Fig. 5a,b). We computed the glutamate flux to transporters and the
number of open AMPARs as function of the astroglial protrusion
depth and GLT density. Increasing GLT density from 2,500 to 10,000
per Um? on astrocytes without protrusion had hardly any influence on
basal AMPAR currents (Fig. 5¢), confirming previous studies!'® and
our current data showing that the ceftriaxone-induced increased astro-
glial GLT1 density in wild-type mice did not affect excitatory synaptic
transmission of CAl pyramidal neurons (Supplementary Fig. 5¢).
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(378 um3), cumulative distributions of astrocytic process distance to PSD in synaptic clefts contacted by astrocytes differed in Cx30~/~ mice (n = 262
synapses in 3 mice) from that in Cx30*+ mice (n= 176 synapses in 3 mice) (P < 0.0001, KS = 0.90844, Kolmogorov-Smirnov). (f) Histogram of
protrusion depth in synaptic clefts contacted by astrocytes. Effective astroglial protrusions (depth > 100 nm), competing with AMPA receptors for
glutamate binding, were more abundant in stratum radiatum of Cx30~'~ mice (n = 3 mice) than in Cx30*+ mice (n = 3 mice). Data are expressed as

mean = s.e.m. inb,c,d. **P<0.01, ***P < 0.001.
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However, by comparing the current responses for a synapse invaded
by a protrusion of 150 nm depth to a synapse without astroglial pro-
trusion, we found that AMPAR currents were diminished by ~50%,
whereas GLT currents were more than doubled (Fig. 5d,e). We defined
an ‘effective’ astroglial process protrusion as one able to increase GLT
currents while decreasing AMPAR currents. To investigate the effect
of transporters located on protrusions, we simulated AMPAR currents
for blocked GLTs (Fig. 5f). Whereas blocking GLTs in the absence of
protrusions increased AMPAR currents by only ~10%, this increase
rose with the depth of invading protrusion and reached ~50% for a
depth of 150 nm. Thus, only active transporters located on protru-
sions markedly influenced AMPAR currents.

Cx30 deficiency causes astroglial synaptic cleft invasion

To examine whether Cx30 deficiency reduces the distance of astroglial
processes to the synapse, thus enabling them to compete with post-
synaptic AMPARSs for glutamate binding, as predicted by the model,
we used electron microscopy (Fig. 6a). The increased total volume of
astrocytic processes in the neuropil of the stratum radiatum region
(Fig. 6b) suggests a change in the astrocytic coverage of synapses.
However we did not find an increase in astrocyte perimeter of synap-
tic clefts (Fig. 6¢), indicating no overall enhanced astroglial coverage
of synaptic elements.

Nevertheless, further three-dimensional analysis from serial elec-
tron microscopy images revealed the insertion of Cx30 deficient
astroglial processes into synaptic clefts (Fig. 6a and Supplementary
Fig. 7). Indeed, we found an increase of ~5-fold in the number of
astroglial processes in close proximity to PSDs; that is, visually iden-
tified as apposed to the edge of PSDs in Cx30~'~ mice (Fig. 6a,d and
Supplementary Fig. 7), as well as an increased number of synaptic
clefts contacted by astrocytes (Fig. 6e). In addition the distribution of
the distances between PSD edge and astroglial processes revealed an
extension of astroglial processes toward PSDs in Cx30~~ mice (Fig. 6e,f
and Supplementary Fig. 7). Finally, we also found that the number of
effective astroglial protrusions, as defined by the model (i.e., > 100 nm
depth), was strongly enhanced in Cx30~/~ mice (Fig. 6e,f).

DISCUSSION

By combining physiology, mathematical modeling and electron
microscopy, we identified Cx30 in astrocytes as a key molecular deter-
minant of astroglial coverage of synapses controlling synaptic efficacy
and hippocampus-based contextual memory. By regulating the extent
of astroglial processes contacting synaptic clefts, Cx30 controls the
efficacy of glutamate clearance and thereby the synaptic strength of
excitatory terminals, by directly setting synaptic glutamate levels.
Unexpectedly, this unconventional role of Cx30 is channel independ-
ent and serves as a negative regulator for cell adhesion and migration.
These findings extend the classical model of neuroglial interactions in
which, up to now, astrocytes were generally considered extrasynaptic
elements regulating synaptic transmission indirectly through activa-
tion of extrasynaptic receptors.

Cx30 controls neuroglial interactions at synapses

We found that Cx30 defined intimate neuroglial morphological
interactions at the synapse by regulating the extent of astroglial proc-
esses into synaptic clefts. These processes may preferentially extend
toward excitatory synapses, as CA1 pyramidal cells from Cx30~/~
mice displayed a selective impairment in glutamatergic transmission
(Supplementary Fig. 1b) and glutamate is capable of inducing forma-
tion and extension of astroglial filopodia?3.

Unexpectedly, several lines of evidence indicated that this Cx30
function occurred independently of its channel function: (i) although
Cx30 deletion in astrocytes reduced gap junction coupling by ~50%,
inhibiting gap junction communication either acutely and partially
in wild-type mice to Cx30~/~ levels (Fig. 3d-f) or chronically and
totally in mice deficient for both Cx43 and Cx30 (ref. 21) did not
mimic the changes in excitatory synaptic transmission and astroglial
glutamate clearance from Cx30~/~ mice; in addition, chronic inhibi-
tion of astroglial gap junctions in culture does not lead to increased
glutamate uptake??; (ii) Cx30 hemichannels were not functional in
our physiological conditions; and (iii) hippocampal excitatory trans-
mission was normal in mice with defective Cx30 channels due to the
Cx30T5M mutation. The Cx30 non-channel function we report here
in the regulation of synaptic transmission was undetectable in our
previous study of Cx30~/~Cx43~/~ mice?! because the numerous addi-
tional alterations induced by complete loss of astroglial intercellular
gap junctional communication resulting from Cx30 and Cx43 dele-
tion, such as decreased potassium clearance and extracellular space
volume or astroglial reactivity?!, were massive and predominated.

Several channel-independent functions of connexins in glial cells
have been reported involving cell adhesion or protein interactions®’.
However, channel-independent functions of Cx30 have not been pre-
viously described. Recently, Cx30 was shown to interact with microtu-
bules and cortical actin filaments?>, suggesting that the morphological
alterations we found in Cx307/~ astrocytes (process elongation and
ramification) are due to modifications of the cytoskeleton, as observed
with GFAP labeling (Fig. 4a). These modifications led in vivo to an
increased volume of Cx30~/~ astrocytic processes, which extended
to form fine filopodium-like protrusions contacting synaptic clefts.
Thus Cx30, via its intracellular C-terminal domain, likely belongs to
a molecular complex involved in cellular morphology and motility.
Remarkably, consistent with the inhibitory function of Cx30 that we
found in cell motility, a downregulation of Cx30 occurs during astrocyte
transformation into highly motile glioma cells, which infiltrate the
surrounding tissue by invadopodias, and reexpression of Cx30 in
glioma cell lines results in reduced tumor growth3°.

Synaptic glutamate uptake relies on glial-synapse vicinity

Astroglial glutamate clearance is important for maintaining low
extracellular glutamate levels and preventing spillover, which other-
wise activates extrasynaptic receptors and neighboring synapses and
thereby indirectly alters excitatory synaptic transmission!®. Indeed
several studies have shown in different models, by decreasing gluta-
mate clearance either pharmacologically!® or through reduced physi-
cal coverage of neurons by astrocytes?, that astrocytic GLTs indirectly
regulate excitatory synaptic transmission by limiting the activation
of extrasynaptic mGluRs, thereby increasing release probability.
However, increasing functional glutamate uptake in astrocytes has
been challenging as a result of the lack of selective tools. Only recently
have a few studies investigated the impact of enhanced GLT expres-
sion on neurotransmission, either by using ceftriaxone, a 3-lactam
antibiotic!®2%, or by interfering with neuroglial EphA4-ephrin-A3
signaling3!32. Both manipulations lead to an impairment of informa-
tion processing, including alterations in prepulse inhibition of the
startle reflex!8, CA3 (ref. 19) and CA1 (ref. 32) long-term plasticity,
and learning and memory performance3!. Altered synaptic plasticity
is due to reduced glutamate levels, preventing activation of presyn-
aptic autoreceptors (mGluRs and kainate), which control transmitter
release. However, the selective role of increased glutamate clearance
remains unclear, as neuroglial EphA4-ephrin-A3 signaling also alters
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dendritic spine morphology?3. Remarkably, basal excitatory synaptic
transmission is normal in these models!®32, confirming our modeling
and experimental results demonstrating that increasing GLT den-
sity on wild-type astrocytes lacking protrusions contacting synaptic
clefts has no effect on AMPAR currents (Fig. 5¢ and Supplementary
Fig. 5¢, respectively).

Therefore, up to now, a direct major impact of astrocytic glutamate
clearance on the postsynaptic response, through changes in synaptic
glutamate levels, has not to our knowledge been reported. Indeed,
acute pharmacological inhibition of GLTs in wild-type mice does not
affect, or only slightly changes, AMPA and NMDA current amplitudes
and kinetics'®. However, several properties confer on GLTs the ability
to influence synaptic transmission by capturing synaptically released
glutamate before it reaches the postsynaptic element: (i) they have
high affinity for glutamate, comparable to that of NMDARSs; (ii) they
bind glutamate as fast as AMPARSs (less than 1 ms); (iii) their density
at astroglial membranes exceeds by far the density of postsynaptic
AMPARS; (iv) the majority of hippocampal synapses (~60%) are con-
tacted by astrocytic processes containing GLTs*4; and finally, (v) even
though the cycling time of GLTs (~70 ms) is too slow to interfere with
fast synaptic transmission, their buffering of glutamate molecules can
circumvent postsynaptic receptors activation!6. Despite such proper-
ties, GLTs fail to efficiently take up synaptic glutamate because they
are generally too far from synaptic clefts. By changing the distribution
of astroglial processes contacting PSDs, we uncovered a mechanism
by which GLTs sufficiently close to the active zone of the synapse
can directly depress the AMPAR-mediated postsynaptic response by
lowering synaptic glutamate levels, and hence set the magnitude
of excitatory transmission. Our data indicate that such proximity is
regulated by astroglial Cx30. Indeed, although Cx30 is also at play
in other cell types outside the brain, where it has been proposed to
contribute to regulation of heart rate®> and hearing3%37, several lines
of evidence indicate that the alteration of synaptic transmission is
specific to Cx30 deficiency in astrocytes, as (i) synaptic transmis-
sion in Cx30~/~ mice was normal before Cx30 expression onset in
astrocytes, (ii) restoring at later stages Cx30 expression selectively
in astrocytes from Cx30~/~ mice was sufficient to rescue both nor-
mal astroglial morphology and synaptic transmission, (iii) reducing
acutely astroglial glutamate uptake in Cx30~/~ mice to match wild-type
levels restored normal synaptic glutamate, excitatory transmission
and LTP, and (iv) during LTP induction, bypassing the insufficient
synaptic glutamate levels using a pairing protocol coupling direct
depolarization of the postsynaptic cell to synaptic stimulation restored
normal LTP in Cx30~/~ mice.

Notably, the observed alterations in AMPA miniature and evoked
currents, as well as in LTP, with no change in synapse number and
pyramidal cell excitability, identify astrocytic GLTs as regulators of the
moment-to-moment spontaneous and evoked basal synaptic trans-
mission and plasticity in Cx30~/~ mice. Astroglial GLTs in Cx307/~
mice were not saturated by synaptically released glutamate, even
during high-frequency stimulation (100 Hz) performed to induce
LTP, as reported in wild-type mice!®, because we found that inhi-
bition of astroglial GLTs to wild-type levels by DHK during LTP
induction restored normal LTP in Cx30~/~ mice. The defect in LTP
in Cx30~/~ mice therefore arose from an induction impairment due
to the enhanced astroglial GLT activity. This resulted in insufficient
synaptic glutamate levels to induce proper postsynaptic activation, as
direct depolarization of the postsynaptic cell paired to 2-Hz synaptic
stimulation fully restored normal LTP in Cx30~/~ mice. Interestingly,
previous work had already proposed enhanced glutamate uptake—by
neurons, however—as a limiting factor in LTP38, Finally, insofar as
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long-term memory of association between unconditioned stimuli
and context engages the hippocampal circuitry!”, the marked defi-
cit of Cx30~/~ mice in contextual fear conditioning suggests that the
regulation of astroglial GLT proximity to the active zone is a crucial
mechanism ensuring optimal activation of the hippocampus upon
cognitive demand.

Dynamics and plasticity of astrocytic processes

Our data, showing that Cx30 ensures efficient synaptic strength, sug-
gest that Cx30, whose expression starts during late brain development
(>P10)8, contributes to the maturation of efficient synaptic communi-
cation by hindering astrocytic processes from entering synaptic clefts
and accessing glutamate. Indeed, in Cx30~/~ mice, the occurrence
of fine astrocytic processes invading synaptic clefts was massively
increased, and was associated with a decrease in AMPAR-mediated
synaptic transmission.

Our mathematical model of the tripartite synapse predicts that
GLT-containing astrocytic processes penetrating the synaptic cleft
to a depth of at least 100 nm can produce the depression of excitatory
transmission we measured. This computed process depth is compat-
ible with recent data showing that, in wild-type mice, GLT-containing
astrocytic processes are found in a range of 0-400 nm from the active
zone!®3%. Furthermore, the model confirmed that inhibiting GLTs!®
or increasing their density!®3? on wild-type extrasynaptic astrocytes
(referred to as without protrusion) has no or only little effect on
basal excitatory transmission, as predicted by other computational
models*®4! and revealed by our experimental data (Fig. 2¢,d and
Supplementary Fig. 5¢). Although we cannot exclude the possibility
that fine astrocytic processes contacting PSDs may selectively express
more GLTs in Cx30~/~ mice, it is only because the astroglial proc-
esses are closer to synapses that such putatively enhanced GLT density
would additionally contribute to the decreased excitatory transmis-
sion. Astroglial protrusions invading synaptic clefts may well be a new
dynamic mechanism altering basic cognitive functions, as our data
indicated that Cx30 deficiency led to a loss of contextual memory.
Astrocytic processes are plastic elements that are more motile than
dendritic spines®?, rapidly extending and retracting from synapses
through actin cytoskeleton reorganization. Remarkably, enriched
environment!'# and kainate-induced seizures*? increase Cx30 expres-
sion. Conversely, Cx30 is decreased in reactive astrocytes during exci-
totoxic injury*4, in astrocyte transformation into highly motile glioma
cells*® and in brains of patients with major depression*> and of suicide
completers®®. In all, this suggests an activity-dependent regulation of
Cx30, controlling the dynamics of fine astrocytic processes binding
glutamate to alter cognitive functions and behavior.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Animals. Experiments were carried out according to the guidelines of the
European Community Council Directives of January 1st 2013 (2010/63/EU)
and of the local animal welfare committee (certificate A751901, Ministére de
IAgriculture et de la Péche), and all efforts were made to minimize the number
of animals used and their suffering. Animals were group housed on a 12 h light/
dark cycle. Cx30~/~ mice were generated as previously described” and provided
by K. Willecke, University of Bonn, Germany. Heterozygous mice carrying the
knockout mutation were interbred to obtain the homozygous strain. Cx30T>M/T5M
mice?? were provided by F. Mammano, Venetian Institute of Molecular Medicine,
Italy. All mice were backcrossed to the C57BL6 background. Mice of both sexes
and littermates were used at postnatal days 16-25, unless otherwise stated. The
data presented in this manuscript were collected on 317 mice.

Antibodies, immunohistochemistry and immunoblotting. All the antibodies
used in this study are commercially available and have been validated in previ-
ous studies, as reported by the suppliers. The following primary antibodies were
used: GLT1 (1:2,000; AB1783) and GLAST (1:2,000; AB1782) guinea pig polyclo-
nal antibodies, NeuN (1:500; MAB377) mouse monoclonal antibody, vimentin
(1:20; AB1620) goat polyclonal antibody (Chemicon); GLT1 (1:10,000; Af670-1)
and GLAST (1:10,000; Af660) rabbit polyclonal antibodies (Frontier Science
Co); GLT1 (1:10,000; SC15317) goat polyclonal antibody (Santa Cruz); PSD95
(1:200; 610495) and flotillin-1 (1:500; 610820) mouse monoclonal antibody
(BD Transduction Labs); synaptophysin (1:500; A0010) rabbit polyclonal
antibody (Dakocytomation); S100 (1:2,000; 2644) rabbit polyclonal antibody,
GFAP (1:2,000; G3893) rabbit polyclonal antibody, tubulin (1:10,000; T6199)
mouse monoclonal antibody, anti-V5 (1:500; V8012) monoclonal antibody and
B-actin (1:10,000; A5316) mouse monoclonal antibody (Sigma); Cx43 (1:500;
71-0700) and Cx30 (1:500; 71-2200) rabbit polyclonal antibodies (Zymed
Laboratories); and Cx26 (1:500; 71-0500) rabbit polyclonal antibody (Invitrogen).
The following HRP-conjugated secondary antibodies were used: donkey anti
rabbit IgG (1:2,500; NA934; Amersham Biosciences), goat anti-guinea pig
IgG (1:2,500; GTX26908; Gene Tex), goat anti-mouse IgG (1:2,500; SC2005;
Santa-Cruz). The following fluorescent dye-—conjugated secondary antibod-
ies were used in appropriate combinations: goat anti-mouse IgG conjugated to
Alexa 488 or 555 (1:2,000; A11029 or A21424), goat anti-rabbit IgG conjugated
to Alexa 488 or 555 (1:2,000; A11024 or A21429) (Molecular Probes) or don-
key anti-guinea pig conjugated to rhodamine (1:2,000; AP 193R; Chemicon).
Immunohistochemistry and quantification were performed as previously
described?!. We here briefly summarize how the experiment was performed and
quantified. Mouse hippocampal tissues were isolated, and rafts were purified by 1 h
incubation in 1% Brij-58 at 4 °C and fractionation through a discontinuous
sucrose gradient!”. From the top of the gradient, ten fractions (400 ul) and the
pellet were collected, and protein abundance was quantified in each fraction.
An equal volume of each fraction was diluted in a loading buffer and used for
immunoblotting. Fractions corresponding to raft microdomains (fractions 3-5)
and fractions corresponding to detergent-soluble material (fractions 8-10) were
pooled and were then loaded on the same 10% PAGE gel to quantify the GLT
distribution in the two pools (as a percentage of total proteins (100% = raft + non-
raft fractions)), as illustrated in Figure 2h. Protein content was quantified in each
fraction (raft and non-raft). Films were then scanned, and optical densities were
measured after background subtraction using Image] software. Specific optical
densities were normalized to the protein content of the corresponding fraction
(in micrograms). A partition ratio, as illustrated in Figure 2h, was calculated as
the ratio of normalized abundance of the GLT protein (GLAST or GLT1) in raft
fractions to the normalized abundance in raft and soluble fractions (that is, total
abundance) and was expressed as a percentage, as previously described?’. The
illustrated non-raft partition in percent is then calculated by subtracting the raft
partition from 100%. For quantification of the blots, we had to set the exposure
time to get non-saturated bands for all fractions and samples. In these condi-
tions, nearly undetectable bands were found for GLAST in non-raft fractions, in
accordance with a previous report!”. Such nearly undetectable bands for non-raft
GLAST were observed in both wild-type and Cx30 KO mice.

For analysis of astrocytic ramification, we used an adaptation of Sholl’s con-
centric circles technique. Briefly, five circles at 5-pum intervals were drawn around
each astrocyte; the circle enclosing the soma had a diameter of 8 um and the soma
was assumed to be 6 um. The number of intersections of astrocytic processes with

each circle was quantified. The longest primary process was measured by tracing
the process with the ImageJ length measuring tool. Cell soma size was measured
in Image] on overlaid projections of several consecutive images by delineating
the visible cell body area. Sulforhodamine 101 (SR101) labeling of astrocytes,
immunoblotting of hippocampi?! and isolation and quantification of lipid rafts*’
were performed as previously described.

Dye uptake by hemichannels. The hemichannel-permeable fluorescent tracer
ethidium bromide (EtdBr, 314 Da) was included in either ACSF or ACSF with no
Ca2*and 5 mM EGTA at a final concentration of 4 M. Slices were incubated for
10 min in the solutions (equilibrated with 95% O, and 5% CO, at room tempera-
ture). In blocking experiments, slices were preincubated 15 min before and during
EtdBr application with the gap junction and connexin/pannexin hemichannel
blocker carbenoxolone (CBX, 200 uM). Slices were then rinsed 15 min in ACSE,
fixed for 2 h in 4% paraformaldehyde in 0.12 M phosphate buffer and mounted
in Fluoromount. Labeled cells were visualized with a 40x objective in a Leica
microscope (DMRB) equipped with epifluorescence illumination and appro-
priate filters for EtdBr (excitation wavelength, 528 nm; emission wavelength,
598 nm). Fluorescence images were captured with a Nikon Digital Camera (DXM
1200) and an imaging system (NIS-Elements AR 2.30 software). Labeled cells
were also examined in a confocal laser-scanning microscope (TCS SP5, Leica,
Germany) with a 63x objective. Stacks of consecutive confocal images were taken
at 300 nm intervals and acquired with a laser (561 nm); z projections were recon-
structed using the LAS AF software. At least three fields were selected in each
slice. Fluorescence was digitized in arbitrary units (a.u.) with image-processing
software. Dye uptake was expressed as the difference between the fluorescence
measured in cells (20-30 per slice) and the background fluorescence measured
where no labeled cells were detected. Values of fluorescence in different experi-
mental conditions were normalized to the control level.

Lentivirus production and injection. We produced self-inactivated (SIN) lenti-
viruses containing the central polypurine tract (cPPT) sequence, the mouse phos-
phoglycerate kinase I promoter (PGK), the woodchuck post-regulatory element
(WPRE) sequence and the target sequence of miR124 as previously described?*.
We used the Gateway system (Invitrogen) to clone cDNA of GFP, mouse Cx30
and mouse Cx30ACter from the pENTR-D-TOPO plasmid (Invitrogen) into the
SIN-cPPT-PGK-Gateway-WPRE-miR124T plasmid. Viruses (lenti-GFP, lenti-
Cx30 and lenti-Cx30ACter) were produced in 293T cells using a four-plasmid
system as previously described?” and were pseudotyped with the G protein of the
mokola lyssaviruses?. Cx30~/~ mice (age 3-4 weeks) were anesthetized with a
mixture of ketamine (15 mg/kg) and xylazine (1.5 mg/kg) and placed on a stere-
otaxic frame under body temperature monitoring. Lentiviral vectors were diluted
in PBS with 1% BSA at a concentration of 100 ng p24 per ul and were injected
bilaterally into the hippocampus at a rate of 0.2 pl/min, using a 34-gauge blunt-tip
needle linked to a Hamilton syringe by a polyethylene catheter. Lenti-Cx30 or
lenti-Cx30ACter (160 ng p24 per site) were mixed with lenti-GFP (200 ng p24 per
site) to detect the infection area. The stereotaxic coordinates were, from bregma,
anteroposterior, —2 mm; lateral, 2 mm; and ventral, —1.5 mm from the dura,
with the tooth bar set at 0 mm.

At the end of the injection, the needle was left in place for 5 min before being
slowly removed. The skin was sutured and mice were allowed to recover for
4 weeks before experiments were performed. With the dose of lentiviral vector
and injection conditions used in this study, no astrogliosis was observed.
Astroglial morphology was analyzed at a distance of ~150-200 um from the
injection site and the images were taken at the same distance. Quantification of
immunofluorescence stainings confirmed that these mokola-miR124T lentiviral
vectors led to a selective infection of astrocytes, as the infected cells were positive
for the GFAP astrocytic marker (lenti-Cx30: 98 + 2%, n = 3; lenti-GFP: 97 + 3%,
n = 3) but not for markers of neurons (NeuN, lenti-Cx30 and lenti-GFP: 0%, n = 3),
oligodendrocyte precursors (NG2, lenti-Cx30 and lenti-GFP: 0%, n = 3) or micro-
glial cells (IBA1, lenti-Cx30 and lenti-GFP: 0%, n = 3) (n refers to the number
of tested animals).

Astrocyte and HeLa cell cultures. Astrocytes and HeLa cells, an immortal
human cell line derived from cervical cancer, were grown on Dulbecco’s modi-
fied Eagle’s medium (Invitrogen) supplemented with 10% FCS, in 5% CO, at
37 °C. Stable transfections were carried out for HeLa cells, while infections
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by the lentiviral vectors described above or transient transfections were per-
formed for astrocytes. The Cx30ACter insert was amplified by PCR on mouse
129Sv genomic DNA, as it is contained in a single exon, using the following
primers: Forward, 5-ACGATGGACTGGGGGACCCTGC-3’; Reverse, 5-CT
GCTTGCTCTCTTTCAGGGCATG-3'. They were cloned into pcDNA3.1V5-His
(Invitrogen). The sequence was verified on both strands. Cx30ACter, like Cx30,
led to protein expression, was targeted to cell membranes and formed gap junc-
tion plaques, which resulted in functional gap junctional coupling.

Adhesion and migration assays. Adhesion of HeLa cells was tested on different
extracellular matrix components using the CytoSelect 48-Well Cell Adhesion
Assay from Cell Biolabs. The assay was performed according to the manufac-
turer’s protocol. 100,000 cells per well were seeded. Migration of HeLa cells was
tested with the Radius cell migration assay from Cell Biolabs, performed accord-
ing to the manufacturer’s protocol. Migration was monitored with an inverted
microscope at different time points. Cells were kept in 0.5% serum throughout
the experiment to reduce proliferation. Analysis of the open area was performed
with Tscratch.

Serial section electron microscopy. To prepare hippocampal tissue for ultrastruc-
tural analysis using serial section electron microscopy, we used the same protocol
that has been described previously?. Serial electron microscopic images were
taken using a digital camera (Morada, Olympus) mounted in a Philips CM10
transmission electron microscope using an acceleration voltage of 80 kV. Images
were aligned using Photoshop software (Adobe, San Jose, California, United
States), and analyzed with Image] software (NIH, USA). Astrocytic profiles are
clearly identifiable in serial digital images owing to their pale cytoplasm, irregular
contouring borders and the absence of vesicles as well as synapses. Only asymmet-
ric synapses identified by the shape of their pre- and postsynaptic densities and
their synaptic vesicles (Gray type 1 versus Gray type 2 synapses) were included
in the quantification. The total astrocytic volume was measured by delineating
their processes in every image. This was carried out in volumes from Cx30*/*
mice (n = 3, 378 um?) and Cx30~/~ mice (n = 3, 428 um?3). These volumes did
not include any large dendritic profiles or somata of neurons, glia or endothe-
lial cells. To quantify astrocyte-synaptic cleft contacts, only astrocytic process
endings visually directly apposed to postsynaptic densities (PSD)—i.e. with no
intervening elements of the neuropil—were counted in randomly selected fields
of 4pum?2and 1.3 um thickness (volume 5.2 tm?) in six Cx30*/* and nine Cx30~/~
stratum radiatum blocks. The number of dendritic spines was also analyzed in
these volumes.

A more detailed analysis of electron micrographs was performed in Fiji, a free
program based on Image]. Surface areas of cross-sectioned PSDs were computed
by measuring their lengths on individual sections, multiplying by section thick-
ness, and summing over all sections where the PSD was visible. Astrocyte-PSD
distance measurements were carried out in similar total volumes of Cx30*/* mice
(n =3, 378 um?) and Cx30~/~ mice (n = 3, 428 um?) and were only performed
on synapses where fine astrocytic processes were clearly visible at the synaptic
cleft (Cx30*/+ n = 176 synapses; Cx30~/~ n = 262 synapses) and in the section
where the astrocytic membrane was closest to the PSD. Cross-sectioned astroglial
perimeters of the synaptic cleft were computed by assigning the contact point
between the astrocytic membrane and the synaptic cleft in individual sections
and summing over all sections.

Kainate, CNTF and quinolinate injections. Cx30~/~ mice were injected i.p. with
kainic acid (30 mg/kg). Mice were monitored for 2 h after seizure onset. C57BL6
mice were injected with a lentivirus encoding ciliary neurotrophic factor (CNTE,
1 pl of a viral suspension at 100 ng p24 per p; ref. 47). One month later, these mice
were injected with 0.5 ul of 80 mM quinolinate in the same striatum. After 7 d for
kainic acid injections and 14 d for CNTF and quinolinate injections, mice were
anesthetized, perfused and the brains processed for immunohistochemistry.

Electrophysiology. Acute transverse hippocampal slices (300-400 um) were
prepared as previously described?! from 8- to 25-d-old wild-type Cx30*/* and
Cx30~'~ mice® or, when mice were injected in vivo with lentiviruses, from
8-week-old mice. For all analyses, mice of both sexes and their littermates were
used. Slices were maintained at room temperature in a storage chamber that was
perfused with an artificial cerebrospinal fluid (ACSF) containing (in mM) 119

NaCl, 2.5 KCl, 2.5 CaCl,, 1.3 MgSO,, 1 NaH,POy, 26.2 NaHCO; and 11 glucose,
saturated with 95% O, and 5% CO,, for at least 1 h before recording. Slices were
transferred to a submerged recording chamber mounted on an Olympus BX51WI
microscope equipped for infrared differential interference contrast microscopy
and were perfused with ACSF at a rate of 1.5 ml/min at room temperature. All
experiments were performed in the presence of picrotoxin (100 uM), and a cut
was made between CA1 and CA3 to prevent the propagation of epileptiform
activity, except when indicated. Extracellular field and whole-cell patch-clamp
recordings were performed. Evoked postsynaptic or astrocytic responses were
induced by stimulating Schaffer collaterals (0.1 Hz) in CA1 stratum radiatum
with ACSF-filled glass pipettes. Stratum radiatum astrocytes were identified by
their small cell bodies, low input resistance (~20 MQ), high resting potentials
(approximately —80 mV) and linear IV curves. Field excitatory postsynaptic poten-
tials (FEPSPs) were recorded from 400-pum slices with glass pipettes (2-5 MQ) filled
with ACSF and placed in the stratum radiatum. Stimulus artifacts were blanked in
sample traces. Somatic whole-cell recordings were obtained from visually iden-
tified CA1 pyramidal cells and astrocytes, using 5-10 MQ glass pipettes filled
with (in mM) 105 potassium gluconate, 30 KCI, 10 HEPES, 10 phosphocreatine,
4 Mg-ATP, 0.3 Tris-GTP, 0.3 EGTA (pH 7.4, 280 mOsm); or, for synaptic activity
recordings (in mM), 115 CsMeSO3, 20 CsCl, 10 HEPES, 2.5 MgCl,, 4 Na,-ATP,
0.4 Na-GTP, 10 sodium phosphocreatine, 0.6 EGTA, 0.1 spermine, 5 QX314
(pH 7.2, 280 mOsm); or, for astrocyte glutamate transporter current recordings
(in mM), 130 KSCN, 20 HEPES, 10 EGTA, 1 MgCl,, 2 Mg-ATP, 0.3 Na-GTP
(pH 7.2, 280 mOsm). Glutamate transporter currents were evoked synaptically by
stimulation of Schaffer collaterals and were recorded simultaneously with fEPSPs.
The field recording pipette was placed 50 um from the recorded astrocyte and
transporter currents were blocked either by pL-threo-B-benzyloxyaspartatic acid
(TBOA, 200 uM) or by dihydrokainic acid DHK (100 uM) (approximately —50%
of GLT current). Glutamate transporter whole-cell currents from astrocytes were
also measured by local application of 10 mM Dp-aspartate for 1 s in the presence
of 10 uM CPP and 0.5 pM tetrodotoxin (TTX). For intercellular coupling experi-
ments, the internal solution contained biocytin (2 mg/ml) or sulforhodamine
B (1 mg/ml), which diffused passively in astrocytes during 20 min in current-
clamp mode. Intrinsic properties of CA1 pyramidal neurons were measured in
current clamp in the presence of blockers of excitatory and inhibitory synaptic
activity (10 WM 6-cyano-7-nitroquinoxaline-2,3-dione disodium (CNQX), 10 uM
(RS)-3-(2-carboxypiperazin-4-yl-)propyl-1-phosphonic acid (RS-CPP) and 100
UM picrotoxin). Evoked AMPAR-mediated EPSCs were measured at =70 mV,
while NMDAR-mediated EPSCs were measured at +40 mV and a latency of 60
ms, when the AMPAR EPSC had fully decayed. Miniature excitatory postsynaptic
currents (mEPSCs) were recorded at =70 mV in the presence of 0.5 pM TTX.
Miniature inhibitory postsynaptic currents were recorded at =70 mV in the pres-
ence of 0.5 uM TTX and 10 uM CNQX. For field recordings, LTP was induced
by tetanic stimulation of Schaffer collaterals (two trains of 100 Hz for 1's,20 s
apart); for whole-cell recordings, LTP was induced by pairing at 2 Hz for 1 min
with depolarization to 0 mV. AMPA-mediated whole-cell currents were obtained
by local application of 10 UM (S)-0. -amino-3-hydroxy-5-methyl-4-isoxazolepro-
pionic acid (S-AMPA) for 5 s in the presence of 100 uM cyclothiazide and 0.5 uM
TTX. Recordings were acquired with Axopatch-1D amplifiers (Molecular
Devices, USA), digitized at 10 kHz, filtered at 2 kHz, and stored and analyzed
on the computer using Pclamp9 and Clampfit9 software (Molecular Devices,
USA). Picrotoxin, p-aspartate and biocytin were obtained from Sigma and all
other chemicals were from Tocris.

Fear conditioning. Contextual fear memory is evaluated by returning the mice to
an environment in which they were exposed to an electrical shock. Mice that have
learned the association between the training environment and the electrical shock
will exhibit increased freezing. To habituate the mice to the general procedures
used during training and testing, adult male mice were placed in a transport cage
and taken to the room housing the contextual fear conditioning apparatus, where
they were handled. One day after the completion of handling, mice were trained.
Experiments were performed in the early morning. Before fear conditioning, mice
were preexposed for 5 min to both the training box (context A, 25 x 25 x 25 cm
white plastic chamber) and control box (context B, 25 x 25 x 25 cm black plastic
chamber). Behavior of the mice was observed with a CCD camera. One hour
later, mice were placed in the training box. The mice were first left undisturbed
for 2 min. Then they were presented with 5 unsignaled footshocks (1 s duration,
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0.5 mA, randomly presented during 3 min period). Then the mice were placed
5 min in the control chamber. Mice were returned to their home cage. Long-
term contextual fear memory was evaluated 24 h after conditioning. Mice were
placed in the conditioning chamber and exposed to the context for 3 min, and
then to the control chamber. Freezing time was measured during every minute
of exposure to the context. Freezing was defined as lack of any visible movement
except respiration, and it was monitored by visual inspection of the video images
without knowledge of the genotype.

Computational model. We used Brownian dynamics implemented in MATLAB
and C to simulate the motion of neurotransmitters in the synapse. The synaptic
geometry was defined such that all its parts were rotationally symmetric and
aligned to one single central axis of rotational symmetry (Fig. 5b). Two cylinders
of infinite length and 700 nm diameter specified the pre- and postsynaptic ter-
minal and were placed 20 nm apart to constitute the synaptic cleft, while a disk
of 380 nm diameter defined the active zone (Fig. 5b).

The perisynaptic astroglial sheath was described as a cylindrical surface sur-
rounding the synaptic cylinders placed at a distance of 20 nm from the edge of
the synaptic terminals, corresponding to 180 nm from the edge of the active zone
(Fig. 5b), as GLTs containing astrocytic processes are concentrated 100-200 nm
from the edge of the active zone!®3°. At the synaptic cleft, a protrusion was raised
from the glial sheath with a fixed height of 130 nm and with a depth varying
between 0 and 150 nm (corresponding to distances between 180 and 30 nm to
the active zone), as GLTs containing astrocytic processes are detected as close
as 20 nm from the active zone!*3°. We maintained a distance of 20 nm between
the glial protrusion surface and the pre- and postsynaptic cylinders by conically
slanting the cylinders at the cleft (Fig. 5b). 100 AMPA receptors (AMPARs) were
placed on a round domain, which defined the postsynaptic density (PSD), with
an area of 0.24 um? (corresponding to a disk of 560 nm diameter).

To model AMPAR dynamics, we used a kinetic scheme?®. Glial glutamate
transporters (GLTs) were positioned on the glial sheath at a density of 5,000
GLTs per um (refs. 2,16); however, only glial sheath within a distance of 250 nm
to the middle plane of the synaptic cleft was covered with GLTs. Upon glutamate
release, 3,000 glutamate molecules were located at a single point of release ran-
domly chosen with uniform distribution on the cleft ceiling inside the active zone.
Glutamate molecules diffused with a diffusion coefficient 0.2 um?/ms and could
bind to transporters at a rate of 1.8 x 107 M/s (ref. 49).

We simulated glutamate association using the partial reflection method*’. The
transporter current was computed as follows: the current is not proportional
to the total number of bound glutamate molecules, but rather to the glutamate
binding flux (i.e., the number of successful glutamate-to-transporter bindings
per time), which is given by the derivative dN(#)/d¢ of the concentration of the
instantaneous number N() of bound glutamate molecules. Similarly, the maxi-
mum amplitude of the AMPAR current is proportional to the number of open
AMPARSs. As we only consider amplitude ratios, proportionality constants are not
needed. All currents were sampled for 4 ms at a fixed time step size of 0.5 pLs and
were averaged over 600 runs. As glutamate dissociation from transporters takes
place at times much longer than 4 ms, glutamate unbinding was neglected.

Statistics. Prior statistical comparison, normality test as well as variance
analysis were performed and the appropriate two-sided statistical parametric
or nonparametric test was used. Two-tailed unpaired or paired ¢ tests were
used for between-group comparisons. Statistical significance for within-group
comparisons was determined by one-way or two-way ANOVAs followed by
post hoc tests. The Kolmogorov-Smirnov test was used for cumulative distribu-
tion comparison. Appropriate sample sizes were based on best practices in the
literature as well as on ethical standards to minimize numbers of animals for
experiments, and were dictated by the magnitude of experiment-to experiment
variation. All statistical analysis was performed in GraphPad Prism (GraphPad
Software, USA) and Statistica (StatSoft, USA). There was no explicit blinding
or randomization except for behavioral tests, as indicated in the fear condition-
ing section.
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