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Astrocytes close the mouse critical period for
visual plasticity
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Florent Dingli7, Damarys Loew7, Chantal Milleret1, Pierre Billuart5,
Glenn Dallérac1‡§, Nathalie Rouach1*§

Brain postnatal development is characterized by critical periods of experience-dependent remodeling of
neuronal circuits. Failure to end these periods results in neurodevelopmental disorders. The cellular
processes defining critical-period timing remain unclear. Here, we show that in the mouse visual cortex,
astrocytes control critical-period closure. We uncover the underlying pathway, which involves astrocytic
regulation of the extracellular matrix, allowing interneuron maturation. Unconventional astrocyte
connexin signaling hinders expression of extracellular matrix–degrading enzyme matrix
metalloproteinase 9 (MMP9) through RhoA–guanosine triphosphatase activation. Thus, astrocytes not
only influence the activity of single synapses but also are key elements in the experience-dependent
wiring of brain circuits.

D
uring the first weeks of mouse life,
massive synaptogenesis is followed by
the shaping of synaptic circuits (1). As-
trocyte processes, as structural and sig-
naling partners of individual synapses,

regulate neurotransmission and plasticity (2, 3).
Astrocytes are also implicated in the tuning and
synchronization of neuronal network activities
and influence cognitive functions such as mem-
ory formation (4). However, whether astrocytes
take part in the wiring of the neuronal circuitry
that occurs during critical periods of mouse
postnatal development remains to be inves-
tigated. In the visual cortex, experience shapes
synaptic circuits during a period of enhanced
plasticity that follows eye opening (5, 6). In-
troducing immature astrocytes in adult cats
reopens a period of high plasticity, reminiscent
of the critical period (7). However, whether and
how the maturation of astrocytes actually con-
trols critical-period closure remain unclear.

Immature astrocytes favor plasticity

We first investigated the ability of immature
astrocytes to promote visual cortex plasticity
in adult mice. To this end, we cultured and
labeled, using lentivirus PGK-GFP (phospho-
glycerate kinase–green fluorescent protein),
immature astrocytes from the cortex of P1 to
P3 (postnatal day 1 to 3) mice—which we char-

acterized using immunolabeling (fig. S1)—and
implanted them 10 days later in the primary
visual cortex (V1) of adult mice (P100), in
which the critical period is closed (Fig. 1A).
Two weeks after the graft, we tested mice for
ocular dominance (OD) plasticity—a form of
plasticity typical of the critical period, where
changes in visual inputs alter the natural
dominance of the contralateral eye. To do so,
we assessed visual cortex activity using op-
tical imaging of intrinsic signals after 4 days
of monocular deprivation (MD) (Fig. 1A). We
found that mice engrafted with immature
astrocytes displayed a high level of plasticity,
unlike control mice subjected to MD with in-
jection of culture medium or noninjected
mice (Fig. 1B). Whereas in the wild-type
(WT) mature visual cortex this plasticity is
the result of an increase in the nondeprived
eye response, in engrafted mice, it re-
sulted from a reduction of the deprived eye
response, which is typical of immature sys-
tems (8) (fig. S2). These data indicate that
immature astrocytes reopen OD plasticity in
adult mice.
To identify how immature astrocytes allow

OD plasticity, we then investigated the molec-
ular determinants of astrocyte maturation.
Comparing gene expression of immature (P7)
versus mature (P30) astrocytes using the

transcriptome database for astrocytes during
development (9) revealed ~200 genes that
were differentially expressed with a fold-
change >5 (table S1). Gene ontology analysis
of enriched astrocyte gene groups identified a
functional switch during maturation from
cell division to cell communication, with the
cell junction genes being the most represented
(table S2 and fig. S3). Among these genes,Gjb6,
encoding the astrocyte gap-junction channel
subunit connexin 30 (Cx30), displayed one
of the highest increases in expression (fold-
change = 9; P = 0.0274; table S1). Accordingly,
Cx30 regulates the structural maturation of
hippocampal astrocytes during postnatal de-
velopment (10). Together, these data led us to
investigate the role of Cx30 in the astrocytic
control of the critical period. To do so, we first
assessed the regional and temporal expression
of Cx30 in the mouse V1. Using immunohisto-
chemistry, we found that Cx30 is enriched in
layer 4 (Fig. 1C), the main V1 input layer,
identified by wisteria floribunda agglutinin
(WFA)—a marker of perineuronal nets impor-
tant for the time course of the critical period
(11). This enrichment correlates with a high
density of astrocytes labeled in the Aldh1l1-GFP
mice (Fig. 1C). Moreover, the Cx30 protein level
in V1 increased from P10 to P50, as shown by
Western blot (Fig. 1D), reaching its maximum
when the critical period ends, which suggests
that it may contribute to its closure. If so, re-
opening a phase of high plasticity should be
associated with a down-regulation of Cx30. As
a period of dark exposure (DE) can reinstate
visual cortex plasticity during adulthood after
closure of the critical period (12, 13), we placed
WT adultmice (P50) in the dark for 4 days and
quantified V1 Cx30 levels. We found that this
manipulation reduced Cx30 protein levels
(∼−70%) (Fig. 1E). We also found that 4 days
of DE induced V1 plasticity, as indicated by
the change in OD index (Fig. 1F). Thus, the
drop in Cx30 expression correlated with plas-
ticity induction.

Astrocytic Cx30 closes the critical period

We then investigated whether Cx30 inhibits
OD plasticity. To do so, we first generated a
knockdown mouse line for astrocytic Cx30
(KD), where Cx30 expression is decreased in
V1 astrocytes by ∼80% (fig. S4). In these mice,
electroretinograms were unaltered, suggest-
ing normal retinal functions (fig. S5). We
found that OD plasticity peaked at P28 inWT
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Fig. 1. Immature astrocytes favor cortical plasticity. (A) Immature
astrocytes from P1 to P3 mice were transduced with PGK-GFP lentivirus,
cultured for 10 days in vitro (DIV), and injected in the right V1 area of adult
mice (P100), as shown on the schematic (green circles), where the dashed line
represents the binocular zone. Scale bar, 1 mm. Confocal images of GFP-
expressing astrocytes integrated in the mouse visual cortex 14 days after the
injection are shown. Scale bars, 200 mm (top) and 20 mm (bottom). Intrinsic
optical imaging was then conducted 14 days after the graft to record phase and
magnitude retinotopic maps for each eye stimulation after 4 days of MD of
the contralateral (left) eye. Scale bar, 1 mm. (B) These maps are shown in top
panels for animals injected with control medium (medium MD; n = 7) or
immature astrocytes (astro MD; n = 10). Contralateral (C) and ipsilateral
(I) visual stimulations are indicated with a white (nondeprived eye) or black
(deprived eye) circle. Bottom panels show the normalized OD map with average

value inset. Mice injected with immature astrocytes showed a marked increase
in OD plasticity compared with control mice injected with culture medium
[P = 0.043, degree of freedom (DF) = 15, two-tailed t test], whereas no effect
was observed in noninjected mice (no MD, n = 8; MD, n = 7; P = 0.899, DF = 13,
two-tailed t test). (C) Representative immunostaining for WFA (top), Cx30
(middle), and Aldh1l1 (bottom) in V1 of P50 mouse (left panels) and
corresponding quantification of spatial distributions across V1 layers (right
panels; n = 3 mice). Scale bar, 50 mm. (D and E) Western blot analysis reveals
changes in Cx30 levels in the visual cortex during development (D) [n = 6 per
age; P = 0.0001, Kruskal-Wallis (KW) = 22.31)] and after 4 days of DE (E)
(n = 6 per group; P = 0.0022, U = 0, Mann-Whitney test). GAPDH, glyceraldehyde
3-phosphate dehydrogenase. (F) Intrinsic optical imaging for light (n = 6) and
dark (n = 5) exposed animals showing that DE decreased OD index (P = 0.035,
DF = 9, two-tailed t test). Scale bar, 1 mm.

Fig. 2. Astrocytic Cx30 closes the critical period. (A) Functional maps in
P50 WT and KD mice in control and MD conditions (WTMD and KDMD).

Scale bar, 1 mm. (B) Developmental profile of OD index after MD in WT (P21,
n = 6; P28, n = 7; P50, n = 6; and P100, n = 7) and KD mice (P21, n = 3; P28,
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mice. By contrast, this plasticity continued to
increase in KD mice until P50, which indi-
cates an impairment in the closure of the crit-
ical period (Fig. 2, A and B). Whereas in WT
mice this plasticity was the result of an in-

crease in the nondeprived eye response, in
KD mice, it resulted from a reduction of the
deprived eye response (Fig. 2C), which typi-
cally reflects changes occurring in mature and
immature systems, respectively (8). These data

thus indicate that Cx30 is required for proper
maturation of the visual cortex. To further test
whether the expression of Cx30 in mature as-
trocytes inhibits OD plasticity, we engrafted
mature astocytes expressing or not expressing
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n = 8; P50, n = 6; and P100, n = 11), indicating a protracted and enhanced
plasticity at P50 in KD mice [P = 0.0232, DF = 46, two-way analysis of variance
(ANOVA) followed by Sidak post hoc test]. (C) Changes in response magnitude
after MD in P50 mice results from an increased response to the nondeprived
(white circle) eye (ipsilateral, I) stimulation in WT mice (n = 6 for WT and
WTMD; P = 0.0411, U = 5, Mann Whitney test) and from a decreased response
to the deprived (black circle) eye (contralateral, C) stimulation in KD mice
(n = 6 for KD and KDMD; P = 0.0022, U = 0, Mann-Whitney test). (D) Mature
astrocytes expressing or not expressing Cx30 were isolated from P19 WT

(Astros +/+) or Cx30 constitutive knockout mice (Astros −/−), respectively,
and were then transduced with PGK-GFP lentiviruses and cultured for 10 DIV.
Western blots and immunostaining show expression of Cx30 in Astros +/+
but not in Astros −/−. Scale bar, 50 mm. (E) The cultured astrocytes were
injected in adult mice (P100), as shown on the schematics (green circles).
Scale bar, 1 mm. (F) Functional maps assessed 14 days after the graft show
that OD plasticity after 4 days of MD is enhanced in mice injected with
Astros −/− (n = 5) compared with mice injected with Astros +/+ (n = 6;
P = 0.038, DF = 9, two-tailed t test). Scale bar, 1 mm.

Fig. 3. Astrocytic Cx30 promotes the maturation of inhibitory circuits.
(A) Schematic diagram depicting the brain slice from which V1 pyramidal neurons
from layer 4 were recorded. (B) Example traces of sEPSCs (inward) and sIPSCs
(outward). (C) Frequency, but not amplitude, of both sEPSCs and sIPSCs was
decreased in KD (n = 17 cells; P = 0.0307 for sEPSCs and P = 0.009 for sIPSCs)
compared with WT mice (n = 13 cells). MD induced no plasticity in WT mice
(WTMD: n = 13 cells; P > 0.9999 for sEPSCs, P > 0.9999 for sIPSCs), whereas it
potentiated both the sEPSCs and sIPSCs in KD mice (KDMD: n = 14 cells; P =
0.0084 for sEPSCs and P = 0.0227 for sIPSCs, Dunn’s post hoc test after
Kruskal-Wallis, KW = 13.61 for sEPSCs and KW = 20.04 for sIPSCs). (D) Example
of evoked composite responses at increasing holding potentials allowing
decomposition of the total conductance (gT) into excitatory (gE) and inhibitory
(gI) conductances in WT and KD mice. (E) I/E ratio after intracortical stimulation

was reduced in KD mice (n = 12 cells; P = 0.0143) compared with WT mice (n =
16 cells). MD induced no change in WT mice (WTMD: n = 14 cells; P = 0.78),
whereas it increased the I/E ratio in KD mice (KDMD: n = 16 cells; P = 0.0498,
Dunn’s post hoc test after Kruskal-Wallis, KW = 19.53). (F) I/E ratio after
thalamocortical stimulation was reduced in KD mice (n = 14 cells; P = 0.0029)
compared with WT (n = 8 cells). MD induced no change in WT mice (WTMD:
n = 14 cells; P > 0.9999), whereas it increased the I/E ratio in KD mice (KDMD:
n = 12 cells; P = 0.0462, Dunn’s post hoc test after Kruskal-Wallis, KW = 29.79).
(G and H) WFA immunostaining (G) and violin plot (H) showing smaller PNN
around PV interneurons in KD (n = 177 cells from 16 mice; P < 0.0001), WTMD
(n = 171 cells from six mice; P < 0.0001), and KDMD mice (n = 238 cells from
six mice; P < 0.0001) compared with WT mice (n = 295 cells from 19 mice) (Kruskal-
Wallis, KW = 247.9, followed by Dunn’s multiple comparisons post hoc).
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Cx30. To do so, we isolated astrocytes from P19
WT or constitutive Cx30 knockout mice, then
cultured them for 10 days (fig. S6 and Fig. 2, D
and E). We found that only the graft of mature
astrocytes lacking Cx30 reopenedOD plasticity
in adult mice (Fig. 2F). Altogether, these data
indicate that astrocytic Cx30 controls the
timing of the critical-period closure.

Astrocytic Cx30 promotes maturation of
inhibitory circuits

The temporal course of the visual cortex crit-
ical period is determined by the maturation of

local inhibitory circuits controlling the excitation-
inhibition (E/I) balance (14–16). To get insights
on the physiological processes by which Cx30
closes the critical period, wemeasured changes
in excitatory and inhibitory synaptic transmis-
sion afterMD in pyramidal neurons from layer
4 of the visual cortex ofWT and KD adult mice
(P50) (Fig. 3A). The frequency, but not the
amplitude, of both spontaneous excitatory and
inhibitory postsynaptic currents (sEPSCs and
sIPSCs) was reduced in KD mice compared
with WT mice (Fig. 3, B and C), with sIPSCs
being significantly more reduced than sEPSCs

in KD mice (sIPSCs: −71.42 ± 3.91%; sEPSCs:
−42.42 ± 4.89%;n= 17 cells; P= 0.0002,U = 35,
Mann-Whitney test). These effects were not a
result of changes in pyramidal cell membrane
properties (table S5). Furthermore, to ensure
that these effects were resulting from synaptic
changes per se, we recorded miniature post-
synaptic currents (mPSCs) and found that
mIPSCs were also more affected than mEPSCs
in KDmice (mIPSCs: −61.30 ± 8.35%;mEPSCs:
−39.02 ± 4.54%; n = 16 cells; P = 0.01108, U =
61, Mann-Whitney test; fig. S7). Additionally,
MD induced an increase in the frequency of
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Fig. 4. Astrocytic Cx30 down-regulates the RhoA-MMP9 pathway involved
in OD plasticity. (A) Identification of WFA and Cx30 binding partners by
quantitative label-free mass spectrometry analysis. (Top) Volcano plot
representing the 2096 quantified proteins enriched with biotinylated WFA lectin
in KD and WT mice (n = 3). Proteins from the enriched pathways Rho-GTPase
activate KTN1 (blue) and Rho-GTPase activate ROCK (red) are highlighted.
(Bottom) Volcano plot analysis representing interactors of Cx30 from the Rho-
GTPase activate KTN1 (blue) and Rho-GTPase activate ROCK (red) pathways.
The fold-change in WT (n = 5) versus KD mice (n = 4) is shown with selected
proteins (Rock2 and Myosin 14). Dashed vertical and horizontal lines show
absolute fold-change of 1.5 and adjusted P value of ratio significance of 0.05,
respectively. aa, amino acid. (B) Immunostaining for RhoA-GTP showed a marked
increase in KD (n = 27; P = 0.0003), KDMD (n = 16; P < 0.0001), and WTMD
mice (n = 16; P < 0.0001) compared with WT mice (n = 22) (fields of view
from three mice per group) (Kruskal-Wallis, KW = 41.23, followed by Dunn’s post
hoc test). Scale bar, 10 mm. (C) Immunostaining for MMP9 shows a marked
increase in KD mice (n = 28; P < 0.0001, DF = 71), KDMD (n = 13; P = 0.0059,
DF = 71), and WTMD mice (n = 12; P = 0.0322, DF = 71) compared with
WT mice (n = 22) [one-way ANOVA F(3.71) = 15.07 followed by Tukey’s post hoc
test]. Scale bar, 4 mm. (D) Diagram depicting the protocol for experimental

treatment with fasudil. (E to H) Fasudil in KD mice after MD fully rescued WT OD
plasticity (E), adult pattern of visual cortex responses to eye stimulation (F),
MMP9 levels (G), and PNN extent (H). Contralateral (C) and ipsilateral
(I) visual stimulations are indicated with a white (nondeprived eye) or black
(deprived eye) circle. Scale bars, 1 mm (E), 4 mm (G), and 10 mm (H). Statistics
for (E) OD index: KDMD, n = 6 mice; KDMD + fasudil, n = 7 mice; WTMD, n = 6
mice. P = 0.0343 between KDMD and KDMD + fasudil; P = 0.0215 between
WTMD and KDMD; and P = 0.9357 between KDMD + fasudil and WTMD; ANOVA
[F(2,16) = 5.534] followed by Tukey’s post hoc test. (F) Signal amplitude of
visual cortex responses: KD + fasudil, n = 7 mice; KDMD + fasudil, n = 7 mice.
Contralateral eye (top): P = 0.7104, U = 21, Mann-Whitney test; ipsilateral eye
(bottom): P = 0.0041, U = 3, Mann-Whitney test. (G) MMP9 levels: KDMD, n = 13;
KDMD + fasudil, n = 18; WT, n = 22 from three mice (n represents the number of
fields of view). P = 0.0001 between KDMD and KDMD + fasudil; P = 0.0124
between WT and KDMD; P = 0.349 between KDMD + fasudil and WT; Kruskal-
Wallis (KW = 17.25) followed by Dunn’s post hoc test. (H) PNN levels: KDMD, n =
238 PV cells from six mice; KDMD + fasudil, n = 105 PV cells from three mice;
WT, n = 295 PV cells from 19 mice. P < 0.0001 between KDMD and KDMD +
fasudil; P < 0.0001 between WT and KDMD; P > 0.9999 between WT and
KDMD + fasudil; Kruskal-Wallis (KW = 164.7) followed by Dunn’s post hoc test.
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sEPSCs and sIPSCs in KD mice, whereas it
had no effect in WT mice, which indicates
that experience-dependent plasticity of both
excitatory and inhibitory synapses occurs in
KD but not in WT adult mice. As excitation
and inhibition influence each other through
homeostatic processes (17), we then assessed
whether the E/I balance was affected by ana-
lyzing the dynamic conductances of composite
synaptic responses evoked by intracortical or
thalamocortical stimulation. In both cases, we
found the inhibition-excitation (I/E) ratio to
be reduced in KD mice (Fig. 3, D to F), which
indicates that inhibition is predominantly af-
fected by Cx30 down-regulation. Further, as
found for the sEPSC versus sIPSC data, the I/E
ratio increased when plasticity was induced
throughMD. Together, these data suggest that
experience-dependent maturation of inhibi-
tory circuits ending the critical period requires
astrocytic Cx30. To investigate this possibility,
we assessed the maturity of PV interneurons,
which settles visual cortex inhibition, by deter-
mining the abundance of their perineuronal
nets (PNN) of extracellular matrix (ECM) pro-
teins (11). We found PNN to be significantly
smaller in KD mice (Fig. 3, G and H), which
suggests that these cells were immature. Ad-
ditionally, whereas MD also decreased PNN
inWTmice, it had no further effect in KDmice,
which is indicative of an occlusion. Together,
these data indicate that the increased expres-
sion of Cx30 through development during the
critical period is required for the timely matu-
ration of visual cortex inhibition.

RhoA-MMP9 pathway down-regulation
mediates Cx30 effect

We then sought to identify the molecular path-
way through which Cx30 modulates PNN ex-
tent and maturation of PV interneurons. To
this end, we performed coimmunoprecipita-
tion experiments with biotinylatedWFA lectin
followed by quantitative proteomics of pulled-
down proteins in the visual cortex of WT and
KDmice (P50) using label-freemass spectrom-
etry. Reactome pathway analysis of enriched
or unique proteins in WT compared with KD
samples indicated an enrichment of proteins
associated with the Rho–guanosine triphos-
phatases (GTPases)–KTN1 pathway (table S3
and Fig. 4A, upper panel). Conversely, analysis
of proteins unique and enriched in KD com-
pared with WT samples revealed enrichment
of the Rho-GTPases–ROCK pathway (table S3
and Fig. 4A). Besides, mass spectrometry anal-
ysis of Cx30 coimmunoprecipitates indicated
interactionswith Rho-GTPases signaling path-
ways, among which the Rho-associated pro-
tein kinase ROCK2 was significantly enriched
in KD compared with WT mice (table S4 and
Fig. 4A, lower panel). These results suggest a
role of the Rho family of GTPases in the PNN
differences between WT and KD mice. RhoA,

one family member of the Rho-GTPases, plays
a role in cell remodeling (18) through the ac-
tivation of ROCKs, and its interactions with
different connexins have been described in
other cell types (19, 20). We thus investigated
the expression of RhoA–GTP (guanosine tri-
phosphate), the active form of RhoA, using
immunohistochemistry in layer 4 of the visual
cortex, and we found an increase in KD mice
(Fig. 4B). Additionally, whereas MD also in-
creased RhoA-GTP in WT mice, it had no
further effect in KDmice, which is indicative
of an occlusion.
As the RhoA-ROCK pathway can modulate

the expression of the ECM-degrading enzyme
matrix metalloproteinase 9 (MMP9) (21, 22),
we next tested whether this signaling is in-
volved in the Cx30 regulation of PNNs and PV
interneuronmaturation. To do so, we assessed
MMP9 expression in layer 4 of the visual cor-
tex and found that MMP9 levels were increased
in KD mice compared with WT mice (Fig. 4C).
In addition, akin to RhoA-GTP, whereas MD
increased MMP9 levels in WT mice, it had no
additional effect in KD mice (Fig. 4C). This
suggests that activation of the RhoA-ROCK
pathway leads to the degradation of PNNs
throughMMP9, which promotes OD plasticity.
We tested this hypothesis by inhibiting the
ROCK signaling pathway in vivo with fasudil
(Fig. 4D). Fasudil not only functionally rescued
OD plasticity in KDmice toWT levels (Fig. 4E)
by restoring the WT adult pattern of visual
cortex responses afterMD (Fig. 4F), it also fully
rescued both MMP9 levels and PNN extent
in KDMDmice (Fig. 4, G and H). These data
therefore indicate that astrocytic Cx30 regu-
lates OD plasticity through the RhoA-ROCK
signaling pathway controlling MMP9 levels
and PV cell maturation.
In all, we demonstrate that astrocytes regu-

late experience-dependent plasticity in themouse
visual cortex during the critical period. We
show that astrocytes achieve this through a
developmental increase in Cx30 expression,
which inhibits expression of MMP9 through
the RhoA-ROCK pathway, thereby hinder-
ing maturation of local inhibitory neuronal
circuits. Thus, astrocytes coordinate the shap-
ing of synaptic circuits that trigger critical-
period closure. Beyond its role in regulating the
visual critical period, the signaling pathway
identified here may also be involved in the
structural synaptic plasticity associated with
cognitive functions, because Cx30 regulates
the structure and efficacy of the tripartite
synapse in the hippocampus (23). The regu-
lation ofMMP9 levels that we describe occurs
by means of signaling through Cx30, which
regulates the wiring of brain circuits. Because
extended critical periods are associated with
neurodevelopmental defects resulting in sensori-
motor or psychiatric disorders (24, 25), our re-
sults may provide a basis for the development

of strategies to reinduce a period of enhanced
plasticity in adults to favor rehabilitation after
brain damage or developmental malfunction.
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