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Hippocampal synaptic plasticity is important for learning and
memory formation. Homeostatic synaptic plasticity is a specific
form of synaptic plasticity that is induced upon prolonged changes
in neuronal activity to maintain network homeostasis. While
astrocytes are important regulators of synaptic transmission and
plasticity, it is largely unclear how they interact with neurons to
regulate synaptic plasticity at the circuit level. Here, we show that
neuronal activity blockade selectively increases the expression and
secretion of IL-33 (interleukin-33) by astrocytes in the hippocampal
cornu ammonis 1 (CA1) subregion. This IL-33 stimulates an increase
in excitatory synapses and neurotransmission through the activa-
tion of neuronal IL-33 receptor complex and synaptic recruitment
of the scaffold protein PSD-95. We found that acute administration
of tetrodotoxin in hippocampal slices or inhibition of hippocampal
CA1 excitatory neurons by optogenetic manipulation increases IL-
33 expression in CA1 astrocytes. Furthermore, IL-33 administration
in vivo promotes the formation of functional excitatory synapses
in hippocampal CA1 neurons, whereas conditional knockout of IL-
33 in CA1 astrocytes decreases the number of excitatory synapses
therein. Importantly, blockade of IL-33 and its receptor signaling
in vivo by intracerebroventricular administration of its decoy
receptor inhibits homeostatic synaptic plasticity in CA1 pyramidal
neurons and impairs spatial memory formation in mice. These
results collectively reveal an important role of astrocytic IL-33 in
mediating the negative-feedback signaling mechanism in homeo-
static synaptic plasticity, providing insights into how astrocytes
maintain hippocampal network homeostasis.
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Synaptic plasticity, the ability of neurons to alter the structure
and strength of synapses, is important for the refinement of

neuronal circuits in response to sensory experience during devel-
opment (1) as well as learning and memory formation in adults
(2, 3). To maintain the stability of neuronal network activity,
the synaptic strength of neurons is modified through a negative-
feedback mechanism termed homeostatic synaptic plasticity (4–6).
Specifically, inhibiting neuronal activity in cultured neuronal cells or
hippocampal slices by pharmacological administration of the so-
dium channel blocker tetrodotoxin (TTX) increases the strength of
excitatory synapses to rebalance network activity (5–7).
The hippocampus, which comprises the cornu ammonis 1 (CA1),

CA2, CA3, and dentate gyrus subregions, is important for memory
storage and retrieval. In particular, the CA1 subregion constitutes
the primary output of the hippocampus, which is thought to be
essential for most hippocampus-dependent memories (8, 9).
Moreover, experience-driven synaptic changes in the CA1 micro-
circuitry impact how information is integrated (10, 11). Accordingly,
the induction and expression of synaptic plasticity at hippocampal

CA1 excitatory synapses are critically dependent on the structural
remodeling and composition of synapses as well as functional
modifications of pre- and postsynaptic proteins and neuro-
transmitter receptors (4–6, 12). As such, structural plasticity is a
major regulatory mechanism of homeostatic synaptic plasticity in
the hippocampal CA1 region. While most excitatory synapses are
located at dendritic spines, morphological changes of dendritic
spines likely participate in compensatory adaptations of hippo-
campal network activity and are therefore involved in learning,
memory formation (13), and memory extinction (14).
The efficacy of synaptic transmission and the wiring of neuronal

circuitry are regulated not only by bidirectional communication
between pre- and postsynaptic neurons, but also through the
interactions between neurons and their associated glial cells (15–
17). Astrocytes, as the most abundant type of glia in the central
nervous system, actively regulate synapse formation, function, and
maintenance during development and in the adult brain (18–20).
However, the molecular basis of astrocyte–neuron communication
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in synaptic plasticity is largely unknown. Nevertheless, one of the
mechanisms by which astrocytes regulate synapses is by secreting
factors (21–25); the most well-characterized one is TNFα. No-
tably, pharmacologically induced deprivation of neuronal activity
increases TNFα release from astrocytes, which modulates ho-
meostatic plasticity in both excitatory and inhibitory neurons
through regulation of neuronal glutamate and GABA receptor
trafficking (24, 26). Further in vivo studies on germline knockout
mice support the roles of astrocyte-secreted TNFα in homeostatic
adaptations of cortical circuitry during sensory deprivation (27,
28). Another cytokine interleukin-33 (IL-33) is secreted by astro-
cytes to regulate synapse development in spinal cord and thalamus
(29). Nevertheless, it remains largely unknown how astrocytes
respond to changes in neuronal activity to regulate homeostatic
synaptic plasticity in the hippocampus as well as learning and
memory formation.
In this study, we identified IL-33 as an astrocyte-secreted

factor which mediates homeostatic synaptic plasticity in the CA1
subregion of adult hippocampus. Pharmacological blockade of
neuronal activity or in vivo optogenetic inhibition of CA1 pyra-
midal neurons stimulates a local increase in the expression and
release of IL-33 from the astrocytes. In turn, this astrocyte-
secreted IL-33 and its ST2/IL-1RAcP receptor complex mediate
the increase of excitatory synapses and neurotransmission in
homeostatic synaptic plasticity. Two-photon imaging of CA1
pyramidal neurons in vivo reveals that IL-33 promotes dendritic
spine formation through the synaptic recruitment of postsynaptic

scaffolding protein PSD-95. Importantly, conditional knockout
of IL-33 in astrocytes decreases excitatory synapses in the CA1
subregion, and inhibition of IL-33/ST2 signaling in adult mice
abolishes the homeostatic synaptic plasticity in CA1 pyramidal
neurons, resulting in impaired spatial memory formation. Hence,
our findings collectively show that astrocyte-secreted IL-33 plays
an important role in homeostatic synaptic plasticity in the adult
hippocampus and spatial memory formation.

Results
IL-33 Is Secreted by Hippocampal CA1 Astrocytes in Response to
Neuronal Activity Blockade. To identify astrocyte-secreted factors
that potentially regulate homeostatic synaptic plasticity, we ex-
amined the differentially expressed genes in mixed neuron–glia
hippocampal cultures (“cultured hippocampal cells” hereafter)
following neuronal activity blockade with TTX (1 μM), a sodium
channel blocker that inhibits action potentials (30, 31). RNA
sequencing (RNA-seq) analysis revealed that compared to the
control condition (Con), TTX administration to the cultured
hippocampal cells induced the differential expression of 2,524
genes, including 1,031 up-regulated and 1,493 down-regulated
genes (log2 fold change ≥0.3 or ≤ −0.3, adjusted P < 0.05;
Dataset S1). Of note, among the up-regulated genes, 54 encode
secreted proteins (32), and 6 of them—Angptl4, A2m, Olfml1,
Il33, Smpdl3a, and Ptn—were enriched in astrocytes (SI Appen-
dix, Fig. S1 and Dataset S2) (33). Among these candidates, IL-33
is a cytokine that maintains cell homeostasis and regulates innate

Fig. 1. Neuronal activity blockade by TTX administration induces IL-33 expression and release by astrocytes in the hippocampal cornu ammonis 1 region. (A–
C) Neuronal activity blockade by TTX induced IL-33 expression in mouse hippocampal astrocytes in a region-specific manner. (A) Immunohistochemical
analysis of IL-33 expression in hippocampal slices treated with TTX (1 μM) or vehicle (Con). The CA1, CA3–CA2, and dentate gyrus (DG) subregions with DAPI
counterstaining are shown. (B) Higher-magnification images of the hippocampal CA1 stratum radiatum (white squares in A) showing IL-33-expressing as-
trocytes (labeled with GFAP antibody, white arrowheads) and an overlay including DAPI (blue) counterstaining. (Scale bars, 100 μm in A and 25 μm in B.) (C)
Quantification of IL-33-positive astrocytes (IL-33+/GFAP+) (***P < 0.001, TTX 0.5 h vs. Con; ###P < 0.001, TTX 1 h vs. 0.5 h; one-way ANOVA; Con: n = 6
hippocampal slices; TTX 0.5 h: n = 6 hippocampal slices; TTX 1 h: n = 5 hippocampal slices; three independent experiments). (D–F) Inhibition of neuronal
activity by TTX induced IL-33 secretion from mouse hippocampal slices. Acute mouse hippocampal slices were treated with TTX or vehicle (Con) for 1 h.
Western blot (D) and quantitative analyses of levels of secreted full-length IL-33 (Pro-IL-33) (E) and mature IL-33 (Mat-IL-33) (F) (Pro-IL-33: *P < 0.05; Mat-IL-33:
**P < 0.01; two-tailed unpaired t test; three independent experiments). Values are the mean ± SEM. See also SI Appendix, Figs. S1–S3.
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immunity (34, 35). Given the expression of IL-33 in brain as-
trocytes (33, 36) and our previous finding that replenishing IL-33
rescues impaired hippocampal synaptic plasticity in an Alz-
heimer’s disease transgenic mouse model (37), we examined the
role of IL-33 in hippocampal synaptic plasticity.
We first investigated whether and which neural cells in the

hippocampus responded to neuronal activity blockade in increas-
ing the cellular expression of IL-33. Immunohistochemical analysis
was performed following treatment of acute mouse hippocampal

slices with TTX at 1 μM for different time periods. We found that
TTX administration for 0.5 h significantly increased IL-33 protein
expression in the hippocampal CA1 region but not the CA3–CA2
region or dentate gyrus (Fig. 1A). In the control condition, IL-33
was expressed in the nuclei of oligodendrocytes and a small portion
of astrocytes in the CA1 region (SI Appendix, Fig. S2). TTX ad-
ministration for 0.5 h increased IL-33 protein expression in CA1
astrocytes (i.e., the number of IL-33-expressing astrocytes increased
2.2-fold), whereas the number of IL-33-expressing astrocytes

Fig. 2. IL-33 is required for TTX-induced homeostatic synaptic plasticity in cultured rat hippocampal neurons. (A–D) IL-33 knockdown abolished the stim-
ulatory effect of TTX to induce homeostatic synaptic plasticity. (A) Schematic diagram of the experimental design. Cultured hippocampal cells at 15 to 16 DIV
were transfected with IL-33 siRNA (si-IL-33) or control siRNA (Con) for 48 h and treated with TTX or vehicle (Con) for 3 h. The TTX from the conditioned media
(CM) was removed by centrifugal filtration (3-kDa cutoff), and the medium was then reconstituted and transferred to naïve cultures of the same growth stage
for 48 h before analysis. (B) Representative traces of mEPSCs. (C) Cumulative probability distributions of mEPSC interevent intervals. (D) Quantification of
mean mEPSC frequency (***P < 0.001, two-way ANOVA; si-Con, Con: n = 23 neurons; si-Con, TTX: n = 21 neurons; si-IL-33, Con: n = 22 neurons; si-IL-33, TTX:
n = 19 neurons; four independent experiments). (E–G) mEPSC analysis of cultured hippocampal cells treated with different doses of IL-33. (E) Representative
traces of mEPSCs. (F) Cumulative probability distributions of mEPSC interevent intervals. (G) Quantification of mean mEPSC frequency (*P < 0.05, one-way
ANOVA; IL-33 at 0, 1, 10, and 100 ng/mL: n = 29, 21, 23, and 29 neurons, respectively; three independent experiments). (H–K) Immunohistochemical analysis of
excitatory synapses in cultured hippocampal neurons after IL-33 administration (100 ng/mL, 24 h). Immunostaining of PSD-95 (H) or surface GluA2 (sGluA2) (J)
and VGluT1 together with MAP2 (blue, to indicate dendritic morphology). (Scale bar, 5 μm.) (I) Quantitative analysis of VGluT1-positive PSD-95 clusters (white
arrowheads in H) (*P < 0.05, two-tailed unpaired t test; Con: n = 15 neurons; IL-33: n = 12 neurons; three independent experiments). (K) Quantitative analysis
of sGluA2-positive VGluT1 clusters (white arrowheads in J) (*P < 0.05, two-tailed unpaired t test; Con: n = 16 neurons; IL-33: n = 17 neurons; three inde-
pendent experiments). Values are the mean ± SEM. See also SI Appendix, Fig. S4.
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returned to the basal level after TTX administration for 1 h
(Fig. 1 B and C). Interestingly, hippocampal slices treated with
TTX for 1 h exhibited significantly elevated levels of full-length
IL-33 protein (Pro-IL-33) and mature IL-33 protein (Mat-IL-
33) in the conditioned media (Fig. 1 D–F). TTX administration
for 3 h also significantly increased IL-33 secretion from cul-
tured hippocampal cells (SI Appendix, Fig. S3). These findings
suggest that hippocampal neuronal activity blockade induces
IL-33 synthesis and stimulates its secretion from hippocampal
CA1 astrocytes.

IL-33 Is Necessary and Sufficient for the TTX-Induced Increase of
Excitatory Synapses in Homeostatic Synaptic Plasticity. Given that
prolonged blockade of neuronal activity increased the expression
and secretion of IL-33 protein by CA1 astrocytes, we examined
whether IL-33 secreted from these astrocytes is required for
homeostatic synaptic plasticity. Accordingly, we transfected cul-
tured hippocampal cells with IL-33-targeting siRNA (si-IL-33) or
control siRNA (si-Con). Then, at 17 to 18 days in vitro (DIV)
when synaptic connections are developed, we treated the cells
with TTX at 1 μM for 3 h. We subsequently collected the con-
ditioned media, removed the TTX by centrifugal filtration, and
then transferred the TTX-depleted conditioned media to naïve
cultured hippocampal cells derived from the embryos of the
same rat and incubated them for 48 h (Fig. 2A). Interestingly, the
naïve hippocampal cells incubated in this conditioned media
collected from cultured si-Con-transfected hippocampal cells
exhibited significantly elevated frequency (Fig. 2 B–D) and am-
plitude (SI Appendix, Fig. S4 A and B) of miniature excitatory
postsynaptic currents (mEPSCs), indicative of the number of
excitatory synapses and AMPA receptor abundance at individual
synapses, respectively (6, 38). These results suggest that some
factor(s) secreted from the TTX-treated hippocampal cell cul-
tures increased excitatory synapse number and synaptic strength.
Importantly, the increased mEPSC frequency and amplitude
could not be observed if the conditioned media was collected
from TTX-treated cultured si-IL-33-transfected hippocampal
cells (Fig. 2 B–D and SI Appendix, Fig. S4 A and B). This indi-
cates that the IL-33 synthesized and secreted by TTX-treated
hippocampal cells is necessary for the observed increase in ex-
citatory synaptic transmission in hippocampal neurons, demon-
strating that astrocyte-secreted IL-33 plays a role in homeostatic
synaptic plasticity.
We subsequently evaluated whether direct IL-33 administra-

tion is sufficient to increase excitatory synaptic transmission in
hippocampal neurons. While administration of IL-33 at 10 or
100 ng/mL increased mEPSC frequency (Fig. 2 E–G), it did not
significantly alter mEPSC amplitude (SI Appendix, Fig. S4 C and
D). These results collectively suggest that IL-33 is both necessary
and sufficient to increase the number of excitatory synapses in
homeostatic synaptic plasticity.
Next, to investigate the molecular basis of IL-33-stimulated

neurotransmission, we treated 19- to 20-DIV cultured hippo-
campal cells with IL-33 at 100 ng/mL for 24 h. IL-33 adminis-
tration significantly increased the number of excitatory synapses
as indicated by the colabeling of VGluT1 (vesicular glutamate
transporter 1, a presynaptic marker) and PSD-95 (postsynaptic
density protein 95, a postsynaptic marker) (Fig. 2 H and I). IL-33
also enhanced the formation of functional AMPA receptors in
excitatory synapses as indicated by the increased colocalization
of VGluT1 and GluA2 (a subunit of AMPA receptor) (Fig. 2 J
and K). This suggests that the IL-33-stimulated increase in
mEPSC frequency is mainly due to an increase in the number of
excitatory synapses.

Knockdown of IL-33 Receptor Complex in Neurons Abolishes the IL-33-
Stimulated Formation of Excitatory Synapses. The cellular functions
of IL-33 are mediated by the activation of its receptor complex,

which comprises ST2 and IL-1RAcP (IL-1 receptor accessory
protein) (34, 35). Therefore, we examined whether the action of
IL-33 in homeostatic synaptic plasticity is mediated by the acti-
vation of its cognate receptor complex on hippocampal neurons.
Accordingly, we knocked down the IL-33 receptor complex by
transfecting shRNA against ST2 (sh-ST2) or IL-1RAcP (sh-IL-
1RAcP) in addition to the EGFP construct (to enable the visu-
alization of shRNA-expressing cells for analysis) into 11- to 12-DIV
cultured hippocampal cells. At 19 DIV, we treated the cells with IL-
33 at 100 ng/mL for 24 h and measured the mEPSCs in the EGFP-
expressing neurons. Notably, the shRNA-mediated knockdown of
ST2 or IL-1RAcP in hippocampal neurons blocked the IL-33-
stimulated increase in mEPSC frequency (Fig. 3 A–C). Moreover,
the shRNA-mediated knockdown of ST2 or IL-1RAcP abolished
the IL-33-stimulated increase in the number of excitatory synapses
as indicated by the number of endogenous synaptic PSD-95 clusters
(labeled with a GFP-tagged PSD-95 intrabody) in the dendritic
spine protrusions of tdTomato-labeled shRNA-expressing neurons
(Fig. 3 D and E). These results collectively reveal a role of IL-33 in
the induction of functional excitatory synapse formation in hippo-
campal neurons via the activation of the IL-33 receptor complex.
Concordant with the importance of IL-33 and its receptor complex
in excitatory synapse formation and neurotransmission, the shRNA-
mediated knockdown of ST2 in 20-DIV hippocampal neurons
abolished the TTX-stimulated increases in mEPSC frequency and
excitatory synaptogenesis (Fig. 3 F–J). These findings further suggest
that IL-33/ST2-dependent signaling is important for homeostatic
synaptic plasticity.

IL-33 Enhances Excitatory Synapse Formation by Promoting the
Synaptic Recruitment of PSD-95. Given that IL-33 administration
increased the number of excitatory synapses, we examined the
molecular basis by which IL-33 enhances excitatory synapse for-
mation. As a major scaffold protein at excitatory synapses, PSD-95
is a critical regulator that organizes glutamatergic postsynaptic
signaling in excitatory synaptogenesis (39–41). PSD-95 interacts
with transmembrane proteins at synapses, including receptors, ion
channels, and enzymes, mainly via interactions of its PDZ domains
with the C-terminal PDZ-binding motifs of these proteins (39, 42).
As IL-1RAcP contains several potential class I PDZ-binding
motifs (i.e., X-S/T-X-V/L) (43) at its C terminus, we examined
whether IL-1RAcP interacts with PSD-95 by overexpressing ST2,
IL-1RAcP, and PSD-95 in HEK293T cells. While we did not
detect interactions of these overexpressed proteins at the basal
level, administration of IL-33 at 100 ng/mL stimulated the inter-
action of ST2 with IL-1RAcP to form the heterodimeric receptor
complex at 15 min and subsequently induced the binding of PSD-
95 to the receptor complex at 1 h (SI Appendix, Fig. S5A). In
cultured rat hippocampal cells, IL-33 administration for 1 h also
stimulated the binding of PSD-95 to the IL-33 receptor complex as
indicated by an increase (41%) in its interaction with IL-1RAcP
(SI Appendix, Fig. S5B). IL-33 administration also increased the
level of PSD-95 in the synaptosomal fractions of cultured hippo-
campal cells by 76% (Fig. 4A). Time-lapse confocal imaging of
cultured hippocampal cells expressing PSD-95–GFP revealed that
the clustering of PSD-95 in the dendritic spine protrusions labeled
with GFP increased significantly by 19% 2 h after administration
of IL-33 at 100 ng/mL, indicating that IL-33 enhances the tar-
geting of PSD-95 to dendritic spines (SI Appendix, Fig. S6).
The synaptic accumulation of PSD-95 is dependent on its

phosphorylation (44–47), especially that at Ser295, which regu-
lates its synaptic abundance and AMPA receptor localization
(44). Therefore, we examined the effects of IL-33 on PSD-95
phosphorylation at Ser295. Accordingly, IL-33 administration
in cultured hippocampal neural cells increased the phosphory-
lation of PSD-95 at Ser295 at 1 h, concomitant with the activa-
tion of p38 and CaMKII (SI Appendix, Fig. S7A), which are the
downstream kinases of the ST2–IL-1RAcP signaling complex.
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Moreover, inhibiting p38 or CaMKII activity abolished the IL-
33-stimulated increases in synaptic PSD-95 and excitatory syn-
aptic transmission (SI Appendix, Fig. S7 B–F). These results
collectively suggest that IL-33/ST2/IL-1RAcP signaling enhances
excitatory synapse formation via the phosphorylation-dependent
synaptic accumulation of PSD-95.

IL-33 Enhances Excitatory Synapse Formation and Synaptic Transmission
in the Mouse Hippocampus. Given that IL-33 plays a role in synapse
formation and neurotransmission in vitro, we next examined the
effects of IL-33 administration on hippocampal excitatory synapses
in vivo. In young adult mice (i.e., 3-mo-old C57 mice), administration

of IL-33 at 200 ng for 4 h increased the PSD-95 level in the syn-
aptosomal fractions prepared from the hippocampal tissues by
56% (Fig. 4B). We subsequently employed a cutting-edge two-
photon, adaptive optics microscopy technique (48, 49) to perform
in vivo time-lapse imaging of apical dendrites in hippocampal CA1
neurons in the IL-33-treated mice. Labeling with a GFP-tagged
PSD-95 intrabody revealed that IL-33 administration stimulated
the accumulation of endogenous PSD-95 clusters at dendritic
spine protrusions in the CA1 hippocampal neurons (Fig. 4C). This
indicates that IL-33 administration in vivo stimulates the recruit-
ment of PSD-95 to the postsynaptic structures of CA1 neurons.
Concomitant with the enhanced synaptic localization of PSD-95 in

Fig. 3. IL-33 regulates homeostatic plasticity through the activation of its ST2/IL-1RAcP neuronal receptor complex. (A–E) Knockdown of ST2 (sh-ST2) or IL-
1RAcP (sh-IL-1RAcP) in cultured hippocampal neurons abolished the IL-33-induced increase in excitatory synaptic transmission and the number of synaptic
PSD-95 clusters. (A) Representative traces of mEPSCs. (B) Cumulative probability distributions of mEPSC interevent intervals. (C) Quantification of mean mEPSC
frequency (***P < 0.001, two-way ANOVA; sh-Con, Con: n = 55 neurons; sh-Con, IL-33: n = 49 neurons; sh-ST2, Con: n = 23 neurons; sh-ST2, IL-33: n = 22
neurons; sh-IL-1RAcP, Con: n = 22 neurons; sh-IL-1RAcP, IL-33: n = 24 neurons). (D) Representative images of endogenous PSD-95 clusters (labeled with GFP-
tagged PSD-95 intrabody) in tdTomato-expressing hippocampal neurons. White arrowheads indicate endogenous PSD-95 clusters in dendritic spine pro-
trusions. (Scale bar, 5 μm.) (E) Quantification of synaptic PSD-95 clusters (***P < 0.001, two-way ANOVA; sh-Con, Con: n = 23 neurons; sh-Con, IL-33: n = 22
neurons; sh-ST2, Con: n = 19 neurons; sh-ST2, IL-33: n = 18 neurons; sh-IL-1RAcP, Con or IL-33: n = 15 neurons). (F–J) Cultured hippocampal neural cells were
transfected with sh-ST2 or sh-Con and treated with TTX for 48 h before mEPSC analysis (F–H) or immunocytochemical analysis (I and J). (F) Representative
traces of mEPSCs. (G) Cumulative probability distributions of mEPSC interevent intervals. (H) Quantification of mean mEPSC frequency (***P < 0.001, two-way
ANOVA; sh-Con, Con: n = 25 neurons; sh-Con, TTX: n = 22 neurons; sh-ST2, Con: n = 20 neurons; sh-ST2, TTX: n = 22 neurons). Representative images (I) and
quantification (J) of synaptic PSD-95 clusters (***P < 0.001, two-way ANOVA; sh-Con, Con: n = 23 neurons; sh-Con, TTX: n = 20 neurons; sh-ST2, Con or TTX:
n = 19 neurons). (Scale bar, 5 μm.) All experiments were performed in triplicates. Values are the mean ± SEM.
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dendritic spine protrusions, in vivo time-lapse imaging of IL-33-
treated Thy1-EGFP mice (a widely used mouse model for two-
photon imaging of dendritic spine morphology) (50–52) showed
that IL-33 injection for 4 to 6 h significantly increased the dendritic
spine protrusion density (Fig. 4 D and E), suggesting that IL-33 also
enhances the formation of dendritic spine protrusions in hippo-
campal CA1 neurons in vivo. Subsequent immunohistochemical
analysis of the brain sections from IL-33-treated mice showed that
IL-33 administration significantly increased the number of VGluT1-
positive PSD-95 clusters in the hippocampal CA1 stratum radiatum
subregion (Fig. 4 F and G), which contains most CA3–CA1

excitatory synapses. Moreover, IL-33 administration significantly
increased mEPSC frequency in CA1 pyramidal neurons from acute
hippocampal slices of adult mouse (Fig. 4 H–J) without affecting
mEPSC amplitude (SI Appendix, Fig. S8). Thus, these results indi-
cate that IL-33 enhances the formation of structural and functional
excitatory synapses as well as synaptic transmission in CA1 pyra-
midal neurons in the adult mouse hippocampus in vivo.

In Vivo Inhibition of Hippocampal Neuronal Activity Increases IL-33
Expression in CA1 Astrocytes. To confirm that the level of astrocytic
IL-33 is regulated by neuronal activity in the mouse hippocampus

Fig. 4. IL-33 promotes excitatory synaptogenesis by enhancing PSD-95 accumulation at synapses. (A and B) Western blot analysis of PSD-95 in the synap-
tosomes of IL-33-treated cultured hippocampal neurons (A) and hippocampi from 3-mo-old C57 mice (B). (C) Time-lapse images showing GFP-labeled PSD-95
clusters on the dendritic spines (white arrowheads) of hippocampal CA1 pyramidal neurons after vehicle (Dulbecco’s phosphate-buffered saline [DPBS]; Con)
or IL-33 (200 ng) injection. (Scale bar, 2 μm.) (D and E) IL-33 increased the number of dendritic protrusions in the CA1 pyramidal neurons of 3-mo-old C57 mice.
(D) Time-lapse images showing morphological changes in the dendritic spines (white arrowheads) of EGFP-expressing dendrites. (Scale bar, 5 μm.) (E)
Quantification of normalized dendritic protrusion density (***P < 0.001, 5 h IL-33 vs. Con; two-tailed unpaired t test; Con: n = 35 dendrites; IL-33: n = 42
dendrites; four mice per group). (F and G) Immunohistochemical analysis of PSD-95 and VGluT1 in the hippocampal CA1 stratum radiatum subregion after
administration of IL-33 (200 ng, 4 h). (F) Representative images including overlay images (Scale bar on Left, 5 μm.) and higher-magnification segmented
images showing PSD-95 and VGluT1 clusters (Scale bar on Right, 1 μm.). White circles indicate VGluT1-positive PSD-95 clusters. (G) Quantification of VGluT1-
positive PSD-95 clusters (***P < 0.001, two-tailed unpaired t test; Con: n = 25 images; IL-33: n = 24 images; three mice per group). (H–J) Increased excitatory
synaptic transmission in hippocampal CA1 pyramidal neurons in 3-mo-old C57 mice treated with IL-33 (200 ng, 4 h). (H) Representative traces of mEPSCs
recorded in hippocampal slices. (I) Cumulative probability distributions of mEPSC interevent intervals. (J) Quantification of mean mEPSC frequency (**P < 0.01,
two-tailed unpaired t test; Con: n = 16 neurons; IL-33: n = 15 neurons; three mice per group). Values are the mean ± SEM. See also SI Appendix, Figs. S5–S8.
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in vivo, we expressed halorhodopsin (NpHR-YFP) under the
control of the CaMKIIα promoter in the hippocampal CA1 ex-
citatory pyramidal neurons in adult mice to enable the light-
stimulated silencing of action potential firing (53, 54) (Fig. 5A
and SI Appendix, Fig. S9A). Consistent with previous findings
(55, 56), optogenetic stimulation of NpHR-expressing excit-
atory neurons in the hippocampal CA1 region silenced their
neuronal activity as indicated by the decreased nuclear ex-
pression of neuronal activity-regulated c-Fos protein relative to

that in unstimulated, NpHR-expressing control neurons (SI
Appendix, Fig. S9 B and C). Interestingly, the IL-33 protein
level increased in the CA1 astrocytes in the optogenetically
stimulated, NpHR-expressing mice, whereas such increase was
not observed in the unstimulated, NpHR-expressing or the
optogenetically stimulated, GFP-expressing mice (Fig. 5 B–D).
Thus, inhibiting the activity of CA1 hippocampal pyramidal
neurons increased IL-33 protein expression in the neighboring
astrocytes.

Fig. 5. Inhibition of hippocampal neuronal activity in adult mice increases the IL-33 protein level in CA1 astrocytes. (A) Schematic diagram of the experi-
mental design for the optogenetic manipulation of neuronal activity in the hippocampal CA1 microcircuitry. (B) Immunohistochemical analysis of IL-33 and
DAPI counterstaining in the hippocampal CA1 region in adult mice expressing CamKII-NpHR (halorhodopsin) or GFP without (off) or with (on) 1-h laser
stimulation. (C) Higher-magnification images showing IL-33-expressing astrocytes (yellow arrowheads) and an overlay with DAPI counterstaining in the CA1
stratum radiatum subregion. (Scale bars, 100 μm in B and 25 μm in C.) (D) Quantification of IL-33-positive astrocytes (***P < 0.001, on/NpHR vs. off/NpHR;
###P < 0.001, on/NpHR vs. on/GFP; one-way ANOVA; off/NpHR and on/GFP: n = 6 brain sections from three mice per group; on/NpHR: n = 10 brain sections from
five mice). (E) Immunohistochemical analysis of IL-33 and DAPI counterstaining in the hippocampal CA1 region in adult mice expressing PV-ChR2 (chan-
nelrhodopsin-2) without (off) or with (on) 1-h laser stimulation. (F) Higher-magnification images showing IL-33-expressing astrocytes (yellow arrowheads) and
an overlay with DAPI counterstaining. (Scale bars, 100 μm in E and 25 μm in F.) (G) Quantification of IL-33-positive astrocytes (**P < 0.01, two-tailed unpaired
t test; n = 6 brain sections from three mice per group). (H–J) Dark rearing increased IL-33 protein levels in astrocytes in the hippocampal CA1 stratum radiatum
subregion in mice. Hippocampal samples were collected from normally reared (NR) and dark-reared (DR) mice after the eye-opening period on postnatal day
15. (H) Immunohistochemical analysis of IL-33 and DAPI counterstaining in the hippocampal CA1 region. (I) Higher-magnification images showing IL-33-
expressing astrocytes (white arrowheads) and an overlay with DAPI counterstaining. (Scale bars, 100 μm in H and 25 μm in I.) (J) Quantification of IL-33-
positive astrocytes (**P < 0.01, two-tailed unpaired t test; NR: n = 8 brain sections from three mice; DR: n = 12 brain sections from four mice). Values are the
mean ± SEM. See also SI Appendix, Figs. S9–S11.
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Fig. 6. IL-33/ST2 signaling is required for neuronal activity blockade-induced excitatory synapse formation in the hippocampal CA1 microcircuitry. (A and D)
Generation of (A) C57 mice expressing mCherry and NpHR-EYFP viruses in CaMKII-positive pyramidal neurons and (D) PV-Cre mice expressing GFP virus in
CaMKII-positive pyramidal neurons and ChR2-mCherry virus in parvalbumin (PV)-positive interneurons, respectively, in the hippocampal CA1 region (Left).
Representative images: mCherry, EYFP, and overlay with DAPI (blue) counterstaining (Right in A); GFP, mCherry, and overly with DAPI (blue) counterstaining
(Right in D). (Scale bars, 250 μm.) Mice with (B) hippocampal CA1 CaMKII-positive pyramidal neurons expressing mCherry/NpHR-EYFP or (E) hippocampal CA1
CaMKII-positive pyramidal neurons expressing GFP and PV-positive interneurons expressing ChR2-mCherry viruses, were administered murine recombinant
soluble ST2 (sST2) protein (0.13 ng/h) or human IgG Fc fragment (Veh) for 8 d via miniosmotic pumps followed by light stimulation (1 h). Dendritic spine
morphology was examined at 8 h later. Off: without light stimulation; on: with light stimulation. Representative images of dendritic spine morphology
labeled with mCherry (B) and EGFP (E). White arrowheads indicate dendritic spines. (Scale bars, 5 μm.) (C) Quantification of dendritic spines in mCherry-
expressing dendrites in B (**P < 0.01, ***P < 0.001, two-way ANOVA; Veh, off: n = 49 dendrites from five mice; Veh, on: n = 40 dendrites from five mice; sST2,
off: n = 48 dendrites from five mice; sST2, on: n = 41 dendrites from four mice). (F) Quantification of dendritic spines in GFP-expressing dendrites in E (***P <
0.001, two-way ANOVA; Veh, off: n = 53 dendrites from five mice; Veh, on: n = 54 dendrites from six mice; sST2, off: n = 48 dendrites from six mice; sST2, on:
n = 51 dendrites from six mice). (G–K) Conditional knockout of IL-33 in hippocampal astrocytes decreased the number of excitatory synapses in CA1 subregion.
(G) Experimental design. CA1 astrocyte-specific knockout of IL-33 (IL-33 cKO) was achieved by injecting the AAV9-gfaABC1D-Cre virus into the hippocampal
CA1 region of the Il33 floxed (Il33fl/fl) mice; the age-matched wild-type mice injected with the virus served as the control. (H) Immunohistochemical analysis of
IL-33 and DAPI counterstain in the hippocampal CA1 region. (I) Higher magnification images showing the IL-33, Cre and GFAP expression, and overlay in-
cluding DAPI counterstain. Yellow arrows indicate IL-33-positive astrocytes, and yellow arrowheads indicate the absence of IL-33 expression in Cre-expressing
astrocytes. (Scale bars, 100 μm in H and 25 μm in I.) (J) Immunohistochemical analysis of PSD-95 and VGluT1 in the hippocampal CA1 stratum radiatum region
(Scale bar on Left, including an overlay image, 5 μm.) and higher-magnification segmented images showing the PSD-95 and VGluT1 clusters (Scale bar on
Right, 1 μm.). White circles indicate the VGluT1-positive PSD-95 clusters. (K) Quantification of VGluT1-positive PSD-95 clusters (**P < 0.01, two-tailed unpaired
t test; control: n = 22 images; IL-33 cKO: n = 24 images; four mice per group). Values are the mean ± SEM.
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Within the hippocampal CA1 microcircuitry, distinct types of
GABAergic interneurons form local connections with pyramidal
neurons in a domain-specific manner; the activity of these py-
ramidal neurons can be suppressed by the activation of their
neighboring interneurons (57, 58). Therefore, in addition to di-
rectly silencing CA1 excitatory neurons, we suppressed the ac-
tivity of CA1 excitatory neurons by optogenetically activating
parvalbumin (PV) interneurons expressing ChR2 (channelrho-
dopsin-2) (Fig. 5A and SI Appendix, Fig. S10A) (59). The opto-
genetically stimulated PV neurons exhibited increased activity as
indicated by increased nuclear c-Fos expression, whereas their
neighboring excitatory pyramidal neurons exhibited suppressed
activity as indicated by a concurrent decrease in nuclear ex-
pression of c-Fos (SI Appendix, Fig. S10 B and C). Notably, the
suppression of CA1 excitatory neuronal activity using this ap-
proach also significantly increased IL-33 protein expression in
the surrounding astrocytes (Fig. 5 E–G). These results collec-
tively suggest that astrocytes in the CA1 stratum radiatum sense
the suppression of activity of local excitatory neurons to regulate
IL-33 synthesis and secretion.
To determine if astrocytic expression of IL-33 is regulated by

neuronal activity during homeostatic synaptic plasticity in vivo, we
examined the IL-33 protein expression in hippocampal astrocytes in
response to visual deprivation. Dark rearing, a form of visual dep-
rivation that globally decreases neuronal activity in the visual cortex,
is a well-established model for studying experience-dependent ho-
meostatic synaptic plasticity (60–62). Emerging studies show that
hippocampal neurons exhibit experience-induced molecular
changes similar to those in visual cortical neurons (63, 64). Ac-
cordingly, compared to the normally reared (NR) mice, the dark-
reared (DR) mice exhibited significantly decreased hippocampal
neuronal activity as indicated by a decrease in Arc, whose gene
expression is regulated by synaptic activity (SI Appendix, Fig. S11).
Notably, compared to NR mice, the DR mice had a significantly
greater percentage of IL-33-expressing astrocytes in the hippo-
campal CA1 region (Fig. 5 H–J). Thus, these results suggest that
decreased visual sensory input leads to increased IL-33 expression
in hippocampal CA1 astrocytes.

Astrocyte-Secreted IL-33 Is a Regulator of Homeostatic Synaptic
Plasticity in the Hippocampal CA1 Microcircuitry. To determine if
and how the astrocyte-secreted IL-33 regulates homeostatic
synaptic plasticity in the hippocampal microcircuitry, we exam-
ined whether inhibiting IL-33/ST2 signaling in vivo affects the
regulation of structural synapses in CA1 excitatory neurons fol-
lowing suppression of their neuronal activity. We suppressed the
neuronal activity of hippocampal CA1 excitatory neurons by
delivering and expressing NpHR in the neurons followed by light
stimulation. Suppression of the neuronal activity of CA1 excit-
atory neurons significantly increased the number of dendritic
spines (by 17%) 8 h after light stimulation (Fig. 6 A–C). Mean-
while, this increase was abolished by inhibiting IL-33/ST2 sig-
naling upon administration of soluble ST2 (sST2), a decoy
receptor of IL-33 (Fig. 6 B and C). In addition, suppressing the
neuronal activity of pyramidal excitatory neurons in the hippo-
campal CA1 microcircuitry via the optogenetic activation of their
neighboring ChR2-expressing PV interneurons significantly in-
creased the number of dendritic spines in these pyramidal ex-
citatory neurons (Fig. 6 D–F). Meanwhile, sST2 administration
completely abolished the increase in the number of dendritic
spines induced by neuronal activity change (Fig. 6 E and F).
To demonstrate that astrocyte-secreted IL-33 regulates struc-

tural synapses in the adult mouse CA1 hippocampus, we spe-
cifically knocked out IL-33 in CA1 astrocytes by delivering and
expressing Cre recombinase in these astrocytes in 3-mo-old Il33
floxed (Il33fl/fl) mice using astrocyte-specific (gfaABC1D) promoter-
driven Cre virus (Fig. 6G). Compared to the wild-type mice injected
with Cre virus (control), the Cre-injected Il33fl/fl mice (i.e., IL-33

cKO) exhibited a complete loss of IL-33 protein in the GFAP-
labeled CA1 astrocytes expressing Cre recombinase (Fig. 6 H and
I). Importantly, these IL-33 conditional knockout mice exhibited a
significant decrease (31%) in the number of VGluT1-positive PSD-
95 clusters in the hippocampal CA1 stratum radiatum subregion
(Fig. 6 J and K), indicating a decrease of excitatory synapses. These
findings collectively suggest that astrocyte-derived IL-33 signaling is
required for the formation of CA3–CA1 excitatory synapses in the
hippocampal CA1 microcircuitry.

IL-33/ST2 Signaling Is Important for Memory Performance in Young
Adult Mice. To determine whether the IL-33/ST2-dependent regu-
lation of homeostatic synaptic plasticity is involved in hippocampus-
associated cognitive functions, we investigated whether blockade of
IL-33/ST2 signaling affects the working and contextual memory of
mice by employing the Y-maze spontaneous alternation test and
contextual fear conditioning test, respectively.
The Y-maze test is a measure of the spontaneous tendency of the

mice to alternate their free choices to enter the two arms of the
maze (65). When the arm chosen for the first entry was registered,
the control C57 mice preferred the previously “unvisited” arm of
the maze as the first choice and entered it more frequently (Fig. 7 A
and B). In contrast, sST2-treated mice exhibited a significantly re-
duced preference for the unvisited arm with fewer alternations (Fig.
7 A and B). This suggests that IL-33/ST2 signaling plays a role in
encoding spatial information into working memory.
In the contextual fear conditioning test, the mice were placed

in a novel context and exposed to an electric foot shock (66, 67).
Twenty-four hours after the foot shock, the mice were returned
to the same context and tested for freezing behavior to assess the
conditioning associated with the context and the foot shock.
Compared to age-matched control mice (Con), sST2-treated
mice exhibited 40% less freezing time 24 h after the electric
foot shock (Fig. 7C). This suggests that blockade of IL-33/ST2
signaling impairs contextual memory formation as assessed by
freezing behavior.
To confirm that sST2 administration does not affect the lo-

comotion and/or anxiety of mice, we subjected sST2-treated mice
to the open field test. There was no difference in the total dis-
tance traveled or time spent in the central and peripheral zones
between the sST2-treated mice and age-matched controls (Fig. 7
D and E). Thus, the results indicate that the effect of sST2 on
hippocampus-associated memory performance is independent of
locomotion and anxiety. Hence, these results collectively indicate
that IL-33/ST2 signaling plays an important role in learning and
memory in young adult mice.

Discussion
Astrocytes plays a key role in learning and memory through the
regulation of hippocampal synaptic plasticity, but the underlying
molecular and cellular mechanisms remain unclear. Our study
shows that IL-33 is a major astrocyte-secreted factor that regu-
lates homeostatic synaptic plasticity in the adult mouse hippo-
campus and that IL-33/ST2 signaling is important for learning and
memory. We found that the neuronal activity blockade-induced
secretion of IL-33 is required for homeostatic synaptic plasticity in
cultured hippocampal neurons. Moreover, IL-33 administration to
hippocampal cultures in vitro and adult mouse hippocampus
in vivo enhances hippocampal excitatory synapse formation and
neurotransmission; this action is mediated through IL-33 neuronal
receptor activation and PSD-95 recruitment to synapses. In addi-
tion, conditional knockout of IL-33 in hippocampal CA1 astrocytes
in mice locally decreases the number of excitatory synapses, con-
firming the role of astrocyte-derived IL-33 in excitatory synapse
formation. Furthermore, inhibiting IL-33 signaling in vivo by sST2
administration attenuates the increase of CA1 excitatory synapses
induced by the optogenetic suppression of pyramidal neuronal ac-
tivity and results in impaired spatial memory formation in mice.
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Hence, these findings demonstrate an important role of astrocyte-
secreted IL-33 in the regulation of homeostatic synaptic plasticity in
response to neuronal activity changes in the adult hippocampus.
Our study provides key insights into the molecular and cellular

basis of the negative feedback mechanism involved in homeo-
static synaptic plasticity. We show that inactivating hippocampal
CA1 excitatory pyramidal neurons by directly suppressing their
activity or activating their neighboring PV interneurons stimu-
lates the local release of IL-33 from astrocytes, which in turn
increases the synaptic excitability of these neurons. This IL-33-
dependent homeostatic feedback mechanism enables CA1 py-
ramidal neurons to receive more inputs from CA3 presynaptic
neurons, which ensures that the neural circuitry is sufficiently
flexible and stable for further synaptic changes during subse-
quent learning experiences. Thus, our findings provide in vivo
evidence showing how astrocyte-secreted factors are regulated by
neuronal activity and consequently mediate the activity-dependent
regulation of synaptic changes and neuronal circuit functions. As
such, astrocytes have a key role in hippocampal synaptic plasticity
and neural circuit adaptation.
Together with recent reports, the present study suggests that

IL-33 can regulate synaptic development and functions in spe-
cific neural circuits through distinct cellular mechanisms. For
example, IL-33 released from astrocytes restricts excitatory syn-
apse formation in spinal cord development through the activa-
tion of ST2-dependent microglial synaptic pruning (29). A very
recent study reports the role of neuron-derived IL-33 in en-
hancing excitatory synapse formation in the hippocampal den-
tate gyrus in adult mice through extracellular matrix clearance by
microglia (68). Meanwhile, our findings reveal that IL-33 exerts a
different cellular action in the hippocampal CA1 microcircuit:
the activity-dependent release of IL-33 from astrocytes acts on
the neuronal IL-33 receptor complex to enhance excitatory
synapse formation. IL-33 exerts its synaptogenic effect by pro-
moting the synaptic localization of PSD-95, which results in the
recruitment of AMPA receptors and the subsequent strengthening

of synaptic transmission (44). Therefore, in the adult hippocam-
pus, IL-33 is likely released from distinct neural cell types in
specific microcircuits—astrocytes in the CA1 hippocampal mi-
crocircuitry as reported in this study and granule neurons in the
hippocampal dentate gyrus (68)—to regulate synaptic functions
via the synaptic recruitment of postsynaptic scaffold proteins and
through the regulation of microglial functions, respectively.
Our RNA-seq analysis shows that neuronal activity blockade

increases the gene expression of several astrocyte-secreted syn-
aptogenic factors including IL-33, Chrdl1, SPARCL1, and TNFα
(SI Appendix, Table S1). However, the mechanisms by which
astrocytes respond to changes in neuronal activity to regulate the
gene expression of these synaptogenic factors remain unclear.
Nonetheless, it was recently suggested that astrocytes express
multiple ion channels and receptors to sense the changes in
neuronal activity (18, 69); and neuronal activity changes can
induce expression of astrocytic genes through mechanisms in-
volving cAMP/PKA-dependent CREB activation (70). Interest-
ingly, we found that the activity-dependent regulation of IL-33 is
exclusively confined to the astrocytes in the hippocampal CA1
region (Fig. 1A). These data support that the hippocampal CA1
astrocytes may directly respond to the local synaptic activity
changes and transduce the signals from synapse to nucleus for
transcriptional activation. This specific regulation of IL-33 might
be due to the heterogeneity of astrocytes in different hippo-
campal subregions, which would result in circuit- and stimulus-
specific responses (19, 71). Accordingly, the processes of astro-
cytes in the CA1 region have more excitatory synapse contacts
(18) and are more sensitive to neuronal stimulation than those in
the CA3 region. A single synaptic stimulus is sufficient to acti-
vate CA1 astrocytes (72, 73), whereas a tense burst of action
potentials is required to activate CA3 astrocytes (74). These
distinct phenotypes and responses of CA1 astrocytes might
contribute to their selective ability to increase IL-33 protein
expression and secretion in response to neuronal activity blockade.
Interestingly, even within the CA1 region, there are two functionally

Fig. 7. IL-33/ST2 signaling is important for spatial learning and memory in young adult mice. (A–C) Intracerebroventricular administration of soluble ST2
(sST2) (0.26 ng/h) or human IgG Fc fragment (Con) to 3-mo-old C57 mice via miniosmotic pumps for 9 d impaired spatial learning and memory. Quantitative
analysis of the percentage (A) and the number (B) of alternations in the Y-maze test (*P < 0.05, two-tailed unpaired t test; Con: n = 11 mice; sST2: n = 9 mice).
(C) Quantitative analysis of the percentage of freezing time 1 d after electric foot shock in the contextual fear conditioning test (**P < 0.01, two-tailed
unpaired t test; Con: n = 12 mice; sST2: n = 11 mice). (D and E) sST2 administration did not affect locomotor activity or anxiety-like behavior in 3-mo-old C57
mice in the open field test. (D) Change in distance traveled (Dx) relative to the distance traveled on the first day (D1) of training (percentage). (E) Time spent
(percentage) in the inner zones versus outer zones in the first 5 min of open field exploration (n = 10 mice per group). Values are the mean ± SEM.
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diverse subpopulations of astrocytes distinguished by their dif-
ferential expression of glutamate transporters and AMPA re-
ceptors (75). Indeed, in the present study, we only observed an
increase in IL-33 protein expression in a subpopulation of CA1
astrocytes as a result of neuronal activity blockade (Figs. 1 B and
C and 5 B–J). Hence, performing single-cell transcriptome pro-
filing of hippocampal astrocytes to reveal the molecular and
cellular phenotypes in hippocampal subregions might provide
insights into the molecular mechanisms underlying the astrocytic
control of hippocampal homeostatic synaptic plasticity. None-
theless, the result of our IL-33 conditional knockout study con-
firms that IL-33 in CA1 astrocytes is important for CA3–CA1
excitatory synapse maintenance in the hippocampal circuit.
While homeostatic synaptic plasticity is important for the func-

tional stability of neuronal circuits, neuronal activity can be chron-
ically perturbed in many pathological conditions due to neuronal
network dysregulation, which contributes to cognitive impairments
in neurodegenerative diseases (76, 77). For example, patients with
mild Alzheimer’s disease have fewer excitatory synapses in the
hippocampal CA1 region (78, 79). It has been reported that Alz-
heimer’s disease patients also exhibited decreased IL-33 transcript
levels in the brain and impaired IL-33/ST2 signaling (37, 80). While
our current study shows that astrocytic IL-33 is required for main-
taining hippocampal CA1 excitatory synapses and IL-33/ST2 sig-
naling is important for hippocampal-dependent memory functions
in normal adult mice, we previously reported that replenishing IL-
33 in Alzheimer’s disease transgenic model mice ameliorates syn-
aptic plasticity impairment and memory dysfunctions (37). There-
fore, it would be of interest to examine the roles of IL-33/ST2
signaling in cognitive dysfunctions under pathological condition.
In conclusion, our findings demonstrate that astrocyte-secreted

IL-33 is important for the neuronal activity-dependent homeo-
static adaptation of hippocampal CA1 synapses by modulating
changes in their structure and function. Our findings not only
provide valuable insights into the mechanisms underlying the
astrocyte-driven neuromodulation of homeostatic synaptic plas-
ticity but also help elucidate the dysregulated synaptic mechanisms
in associated neurological diseases.

Materials and Methods
A detailed description of the applied materials and methods is given in SI
Appendix, SI Materials and Methods.

Animals. All animal procedures were approved by the Animal Ethics Com-
mittee at The Hong Kong University of Science and Technology (HKUST) and
conducted in accordance with the Guidelines of the Animal Care Facility of
HKUST. See SI Appendix, SI Materials and Methods for details.

RNA Sequencing Analysis. We performed standard bulk RNA-seq analysis on
vehicle- or TTX-treated cultured rat hippocampal cells. See SI Appendix, SI
Materials and Methods for details.

Immunostaining and Quantitative Analysis. We used antibodies specific for IL-
33, GFAP, Olig2,MAP2, PSD-95, VGluT1, GluA2, c-Fos, GFP, and EYFP as well as
tdTomato and mCherry for immunostaining. See SI Appendix, SI Materials
and Methods for details.

Electrophysiology. We performed whole-cell mEPSC recordings to examine
excitatory synaptic transmission using a MultiClamp 700A amplifier (Axon
Instruments). See SI Appendix, SI Materials and Methods for details.

Virus Injection and Optogenetic Stimulation. We injected different types of
viruses into the hippocampal CA1 region in C57, PV-Cre, or Il33fl/fl mice. We
analyzed synaptic changes in brain sections after virus expression with or
without optogenetic manipulation. See SI Appendix, SI Materials and
Methods for details.

Behavioral Tests. The experimenters who conducted all behavioral tests were
blinded to the treatments of the tested mice. Only 3-mo-old males were used
for behavioral tests. See SI Appendix, SI Materials and Methods for details.

Statistical Analyses. All data are expressed as the arithmetic mean ± SEM.
Statistical analyses were performed using GraphPad Prism (version 8.0). The
significance of differences was assessed by Student’s t test, or one- or two-
way ANOVA followed by the Tukey post hoc test as indicated. The level of
significance was set at P < 0.05. All experiments were performed at least in
triplicate unless otherwise specified.

Data Availability. All RNA-seq data discussed herein have been deposited in
the NCBI Gene Expression Omnibus (GEO) database under accession no.
GSE161540. In particular, the gene expression level of all proteins is provided
in Dataset S1, and the gene expression level of up-regulated secreted factors
is provided in Dataset S2. Other data generated from this study are included
in the article and SI Appendix.
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