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Prenatal interleukin 6 elevation increases
glutamatergic synapse density and disrupts
hippocampal connectivity in offspring
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e Prenatal IL-6 causes increases in excitatory synapses and
brain connectivity in adults

e |L-6 activates genetic programs of synaptogenesis in
developing neurons

e Transcription factor STATS is activated in neurons upon IL-6
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e The STAT3 downstream gene Rgs4 is responsible for the
increase in excitatory synapses
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In brief

Prenatal inflammation is a risk factor for
different neurodevelopmental disorders,
but the mechanisms by which brain
connectivity is affected remain unclear.
Mirabella et al. demonstrate that transient
maternal elevation of IL-6 induces an
abnormal, long-lasting increase of
excitatory synapses and brain
connectivity in the offspring, providing a
mechanistic link between maternal
immune activation and defects in
newborn brain development.
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SUMMARY

Early prenatal inflammatory conditions are thought to be a risk factor for different neurodevelopmental dis-
orders. Maternal interleukin-6 (IL-6) elevation during pregnancy causes abnormal behavior in offspring, but
whether these defects result from altered synaptic developmental trajectories remains unclear. Here we
showed that transient IL-6 elevation via injection into pregnant mice or developing embryos enhanced glu-
tamatergic synapses and led to overall brain hyperconnectivity in offspring into adulthood. IL-6 activated
synaptogenesis gene programs in glutamatergic neurons and required the transcription factor STAT3 and
expression of the RGS4 gene. The STAT3-RGS4 pathway was also activated in neonatal brains during
poly(l:C)-induced maternal immune activation, which mimics viral infection during pregnancy. These findings
indicate that IL-6 elevation at early developmental stages is sufficient to exert a long-lasting effect on gluta-
matergic synaptogenesis and brain connectivity, providing a mechanistic framework for the association be-

tween prenatal inflammatory events and brain neurodevelopmental disorders.

INTRODUCTION

Synapse formation during brain development is a complex and
hierarchically regulated event ensuring proper brain connectivity
(Lu et al., 2009; McAllister, 2007; Williams et al., 2010) and cor-
rect excitatory/inhibitory (E/I) balance in the adulthood (Cline,
2005; Gatto and Broadie, 2010). Defects in this process result
in altered brain development (Courchesne et al., 2007; Supekar
et al., 2013) and neurodevelopmental disorders (Melom and Lit-
tleton, 2011; Penzes et al., 2011) .

Beyond activation of highly specialized genetic programs
(Shen and Scheiffele, 2010), environmental factors critically
contribute to the process of synapse formation (Grabrucker,
2013). Among them, inflammatory states occurring at early
stages of neurodevelopment are recognized as main environ-
mental insults negatively affecting the entire brain developmental
trajectory (Bergink et al., 2014; Fontana et al., 2021; Knuesel

L)

et al., 2014; Li et al., 2009; Onore et al., 2012; Potvin et al.,
2008). Although the underlying mechanisms are still undefined,
soluble inflammatory mediators are thought to be key players
in this process (Bauer et al., 2007; Deverman and Patterson,
2009; McAfoose and Baune, 2009).

Interleukin-6 (IL-6) is a pleiotropic proinflammatory cytokine that
exerts several actions on the mature nervous system (Balschun
et al., 2004; Erta et al., 2012), modulating a plethora of brain pro-
cesses, including energy homeostasis (Timper et al., 2017; Walle-
nius et al., 2002), adult neurogenesis (Monje et al., 2003; Vallieres
et al., 2002), and axonal regeneration (Cafferty et al., 2004; Lei-
binger et al., 2013a, 2013b; Pieraut et al., 2011). IL-6 also plays
key roles during brain development, and mouse embryos prena-
tally exposed to IL-6 display behavioral defects at adult stages
(Choi et al., 2016; Shin Yim et al., 2017; Smith et al., 2007). A tight
association between elevated IL-6 during pregnancy, altered
brain connectivity, and working memory in newborns has been
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reported in humans (Rudolph et al., 2018; Spann et al., 2018).
Whether IL-6 affects synaptogenesis trajectories is unknown.

We describe a pro-synaptogenic effect of IL-6 specifically
involving glutamatergic synapses. The enhanced excitatory syn-
apses persist at mature stages and associate with brain hypercon-
nectivity. This process depends on activation of signal transducer
and activator of transcription-3 (STAT3) and involves its down-
stream target gene regulator of G protein signaling 4 (RGS4).
Therefore, a transient increase in IL-6, consequent to inflamma-
tory processes occurring at early phases of neurodevelopment,
is sufficient to disturb the process of excitatory synaptogenesis,
resulting in abnormal brain connectivity in adulthood.

RESULTS

Transient prenatal IL-6 elevation enhances

hippocampal glutamatergic synapses and functional
connectivity in adulthood

We assessed whether transient prenatal IL-6 elevation affects
the density of synaptic contacts in the offspring. A single intra-
peritoneal (i.p.) injection of 5 ug of IL-6 (Choi et al., 2016; Gal-
lagher et al., 2013; Smith et al., 2007) or vehicle (as a control)
was administered to pregnant mice on gestational day 15
(GD15) (Figure 1A), when the hippocampus is already formed
(Urban and Guillemot, 2014), neurogenesis is peaking, and syn-
aptogenesis and astrogenesis have not yet started (Angevine,
1965; Finlay and Darlington, 1995; Reemst et al., 2016).

The density of excitatory and inhibitory synaptic puncta was
evaluated in the hippocampal CA1 region of mice on post-natal
day 15 (P15) through immunofluorescence analysis of the
glutamate vesicular transporter (VGLUT) and GABA vesicular
transporter (VGAT) (Figure 1B). The area of VGLUT- but not
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VGAT-positive puncta was enhanced significantly in the hippo-
campus of mice exposed prenatally to IL-6 (Figure 1C). To evaluate
possible functional changes, glutamatergic and GABAergic basal
transmission was recorded simultaneously by whole-cell patch-
clamp technique in pyramidal CA1 neurons (Figure 1D). We found
a substantial increase in the frequency of miniature excitatory
postsynaptic currents (MEPSCs) in mice exposed prenatally
to IL-6 (Figure 1E). Miniature inhibitory postsynaptic currents
(mIPSCs) were not altered (Figure 1F), resulting in E/I imbalance
of neurotransmission (Figure 1G).

Maternal IL-6 elevation triggers activation of peripheral cells
and modulates immune molecules and the gut microbiota in the
mother (Choi et al.,, 2016; Kim et al., 2017; Shin Yim et al,
2017). To bypass any possible indirect signaling from the mother,
IL-6 or vehicle was injected intracerebroventricularly (i.c.v.) into
embryos at embryonic day 15 (E15) (Figure 1H). Consistent with
the results obtained upon i.p. injection, i.c.v. administration of
IL-6, acting locally in the embryonic brain without inducing an im-
mune response in the mother (Choi et al., 2016), promotes an in-
crease of glutamatergic synapses (Figure 1H).

The increase in excitatory synapse density in mice exposed
prenatally to IL-6 was confirmed using the recombinant
antibody-like protein fibronectin intrabodies generated with
mRNA display (FingRs), which binds endogenous PSD-95
(PSD95.FingR-GFP). GD14 cortical progenitors were co-elec-
troporated with PSD95.FingR-EGFP to selectively target excit-
atory neurons and a TdTomato-expressing vector to visualize
dendritic branches. Pregnant dams were subsequently injected
i.p. with vehicle or IL-6 at GD15, and the offspring was analyzed
at P20 (Figure 11). In line with the results obtained in the hippo-
campus, the density of endogenous PSD-95 clusters in cortical
dendritic branches of mice exposed prenatally to IL-6 was

Figure 1. Transient prenatal exposure of embryos to IL-6 on E15 increases glutamatergic synapses and brain connectivity in the offspring at

post-natal stages

(A) Experimental workflow: i.p. injection of vehicle or IL-6 on GD15. Male offspring was analyzed on P15.

(B) Immunofluorescence analysis of vesicular glutamate transporter (VGLUT1; green) and vesicular GABA transporter (VGAT; red) puncta in the stratum radiatum
of the CA1 hippocampal region of offspring on P15. Right panels: high-magnification images relative to the dotted squares. Scale bars, 5 um.

(C) Quantitative analysis of VGLUT1 (vehicle, n = 5 mice; IL-6, n = 7 mice; 3 independent experiments) and VGAT area under the two conditions. Vehicle, n = 6
mice; IL-6, n = 7 mice; 3 independent experiments; Mann-Whitney test; **p = 0.0025.

(D) Electrophysiological traces of mEPSCs and mIPSCs recorded in CA1 pyramidal hippocampal neurons in acute brain slices established from P15 male
offspring.

(E and F) Analysis of frequency and amplitude of mEPSCs (vehicle, n = 18 cells, 4 mice; IL-6, n = 19 cells, 6 mice; 3 independent experiments; Mann-Whitney test;
****p = 0.00002) and mIPSCs (vehicle, n = 12 cells, 3 mice; IL-6, n = 8 cells, 4 mice; 3 independent experiments).

(G) Quantitative analysis of the E/I ratio, calculated as the ratio between mEPSC and mIPSC frequency recorded at the single-cell level. Vehicle, n = 12 cells, 3
mice; IL-6, n = 8 cells, 3 mice; 3 independent experiments; Mann-Whitney test; **p = 0.0007.

(H) Top panel: experimental workflow; i.c.v. injection of vehicle or IL-6 into E15 embryos. The offspring was analyzed on P15. Bottom panels: immunofluores-
cence analysis of Vglut-1-positive puncta (green) in the stratum radiatum of the CA1 hippocampal region of P15 offspring. Scale bar, 10 um. Also shown is
quantitative analysis of Vglut-1 area in the CA1 hippocampal region under the two conditions. Vehicle, n = 7 injected mice; IL-6, n = 8 injected mice; Mann-Whitney
test; ***p = 0.0003.

(I) Top panel: experimental workflow; in utero co-electroporation of PSD95.FingR-GFP and TdTomato in E14 embryos, followed by i.p. injection of vehicle or IL-6
in the mother on GD15. The male offspring was analyzed at P20 for synaptic density in the cortex. Bottom panels: representative dendritic segment of cortical
neurons expressing PSD95.FingR-GFP of embryos exposed to vehicle or IL-6. Scale bar, 5 pm. Also shown is quantitative analysis of PSD-95 cluster density
along the dendrite. Vehicle, n = 25; IL-6, n = 48, number of mice (vehicle, n = 5; IL-6, n = 11), number of independent experiments (vehicle, n=4;IL-6,n=5; *p =
0.0295; Mann-Whitney test.

(J) Randomized non-parametric statistics of whole-brain functional connectome mapping indicate a shift toward hyperconnectivity in IL-6 male mice.

(K) Circos plot showing the anatomical location of hyperconnected edges (n = 242) in IL-6 mice compared with vehicle-treated mice (p < 0.05, uncorrected;
vehicle, n = 9 mice; IL-7, n = 7 mice; 3 independent experiments).

(L) Dual regression analysis in 15 rs networks (RSNs) revels a significant increase in dorsal hippocampal network strength in the IL-6-treated group compared with
vehicle ctrl mice (p = 0.017, Bonferroni corrected).

(M) Multivariate ANOVA, Bonferroni corrected across 15 RSNs. The bar plots represents mean + SEM; **p = 0.017.

See also Figures S1 and S2.
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increased significantly
(Figure 11).

The selective increase in excitatory but not inhibitory synapses
in mice exposed to prenatal IL-6 elevation persisted up to P30 (Fig-
ures S1A-S1C). An abnormal number of excitatory synapses and/
or altered E/I balance within local microcircuits, occurring in many
models of neurodevelopmental disorders (Durand et al., 2007; Lee
etal., 2015; Salaetal., 2001), is often associated with macroscale
alterations in functional connectivity, detectable by resting-state
fMRI (Ajram et al., 2017; Filipello et al., 2018; Pagani et al., 2019;
Zhou et al., 2019). Hence, we determined whether the transient
prenatal IL-6 elevation affects brain connectivity in adulthood.
We acquired resting-state fMRI (rs-fMRI) scans in 16 mice
(9 treated and 7 controls) at 14 weeks of age using standardized
pipelines for anesthesia control, data acquisition, and preprocess-
ing (Figure S1D; Zerbi et al., 2015, 2018). To probe the existence of
aberrant functional connections, blood-oxygen-level-dependent
(BOLD) time series were extracted from 165 regions of interest
(ROls) using Allen’s Common Coordinate Framework, and their
connectivity couplings were measured using regularized Pear-
son’s correlation coefficients. Randomized permutation testing
(5,000 permutations) revealed an overall hyperconnectivity pheno-
type of IL-6 mice compared with controls (Figure 1J). The spatial
distribution of the hyperconnected edges was widespread (242
of 2,724 edges were identified as significantly hyperconnected
at p < 0.05), and the strongest contribution was given by hippo-
campal-midbrain, hippocampal-parietal, hippocampal-cortical
subplate, prefrontal-parietal, and somatomotor-thalamic connec-
tions among all (Figure 1K). Only 36 edges (1.3%) were found to be
hypoconnected in the IL-6 group compared with vehicle controls
(Figure S1D).

Next we examined whether excessive excitatory neurotrans-
mission prompts large-scale rs network (RSN) reconfiguration.
The connectivity strength within 15 maximally independent
RSNs was measured using a dual regression approach, as
described elsewhere (Filippini et al., 2009); for a complete list
and spatial distribution of the networks please refer to our previ-
ous study (Zerbi et al., 2015). Statistical analysis was conducted
by comparing the connectivity strength within all voxels that
constitute each RSN. In the dorsal hippocampal network, con-
nectivity was significantly higher in the IL-6 group compared
with controls (p = 0.017; Figures 1L and 1M). The temporal asso-
ciation network also showed moderate increases in connectivity
in the IL-6 group without reaching statistical significance (p =
0.09). Conversely, a reduction in connectivity approaching sig-
nificance was seen in the primary and secondary somatosensory
networks (p = 0.066 and p = 0.130, respectively; Figure S1E).
None of the other networks were affected. These data suggest
that excitatory neurotransmission after IL-6 exposure can be de-
tected with rs-fMRI in the form of increased synchronicity, espe-
cially within elements of the hippocampal network. The structural
integrity of major axonal bundles was quantified by extracting
fractional anisotropy (FA) values from seven white-matter struc-
tures, as described previously (Zerbi et al., 2013b, 2019). Not all
white matter tracts exhibited significant differences between IL-
6 mice and vehicle controls (Figure S1F), indicating that prenatal
IL-6 does not compromise the macroscopic characteristics of
anatomical connections but, rather, impairs their function. In
line with the altered brain connectivity primarily involving the hip-

relative to vehicle-exposed mice
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pocampal region, mice exposed prenatally to IL-6 showed a
lower discrimination index in the object location memory test
(Figure S1G), indicating a specific impairment of spatial memory,
without defective performance in the novel object recognition,
open field, and elevated plus maze tests (Figures STH-S1J).

No major anatomical alterations, including cortical architec-
ture or lamination, were observed under any experimental condi-
tion (Figures S2A and S2B). In addition, no sign of astrogliosis or
inflammation (Figures S2C-S2H), including the transcriptional
amount of mRNA coding for inflammatory mediators (Figures
S2I and S2J), was detected in the offspring brain. These data
demonstrate that transient prenatal exposure to IL-6 results, in
the offspring, in a selective increase in glutamatergic inputs
associated with altered hippocampus-related functional con-
nectivity and behavior, with no major morphological defects or
inflammatory signs.

Prenatal IL-6 engages molecular programs of
synaptogenesis in developing hippocampal neurons

The long-lasting effects produced by IL-6 suggest involvement of a
transcriptional mechanism. To investigate the molecular programs
activated by prenatal IL-6, pregnant mothers were injected with the
cytokine or vehicle on GD15, and embryonic hippocampi were
dissociated and analyzed through 10X single-cell sequencing after
24 h (GD16). This time window allowed us to investigate the early
transcriptome rearrangements induced by IL-6 with single-cell
resolution (Mancinelli and Lodato, 2018; Figure 2A).

We profiled 10,877 cells isolated from five pooled hippocampi
under control conditions or upon IL-6 administration (control
[ctrl], 5,892; IL-6, 4,985). The median number of genes detected
per cell was 3,948 for IL-6 and 4,042 for ctrl conditions. Unsuper-
vised clustering analysis identified 14 transcriptionally indepen-
dent clusters that were assigned to distinct cell types according
to the expression of known signature genes (Figure 2B; Figures
S3A and S3B; Table S1). The most abundant clusters (cornu am-
monis excitatory neuron 1 (CA-ExN1), CA-ExN2, andCA-ExN3)
displayed enrichment of CA neuron-specific genes at different
stages of their differentiation (e.g., Cntn2, Neurod2, Bhlhe22,
Arpp21, Ndrg1, Crym, Emx1, and Sstr2), and one cluster (radial
glia [RG]) expressed cycling glia-specific markers (Hes5, Vim,
and Mt3) (Figure 2C; Table S1). We also identified a cell cluster ex-
pressing specific markers of dentate gyrus (DG-ExN; e.g., Prox1,
Calb2, and Kcnk1) and Cajal-Retzius neurons (CA-CR;
e.g., Rspo1, Rspo3, and Reln; Figure 2C). Two clusters were
clearly ascribed to the GABAergic lineage, expressing prototypi-
cal markers of medial ganglionic eminence (MGE)-derived
(Sst, Sp9, and Maf) and caudal ganglionic eminence (CGE)-
derived (Adarb2, Htr3a, and Cxcl14) cortical and hippocampal
GABAergic neurons (Figure 2C; Table S1; Mancinelli and Lodato,
2018; Tomassy etal., 2010). At this stage of development, besides
being the most abundant cell types identified, neuronal clusters
are also the main cells affected by IL-6. Indeed, differential expres-
sion analysis revealed that the subtype displaying the highest
number of deregulated genes was CA-ExN1 (Figures 2D and 2E;
Figures S3D and S3E; Table S2), corresponding to the excitatory
pyramidal neurons of the CA periventricular stratum (differentially
expressed genes [DEGs], ctrl versus IL-6 = 460). In contrast, non-
neuronal subtypes were modified only to a very low extent (Figures
2D and 2E). Gene Ontology analysis of DEGs in neuronal clusters
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Figure 2. Single-cell sequencing of embryonic brains exposed to IL-6
and engagement of key biological processes in synaptogenesis

reveals a deep transcriptional rearrangement in neuronal populations

(A) Experimental workflow: maternal i.p. injection of vehicle or IL-6 was performed on GD15. 24 h later, embryonic hippocampi were dissected, and single-cell

dissociation was sequenced.

(B) Uniform manifold approximation and projection (UMAP) plot showing the cell type population identified.

(C) Dot plot showing selected cell type markers used for cluster annotation.

(D) Rose plots showing the number of upregulated or downregulated genes upon IL-6 treatment in all different cell types.
(E) Volcano plots showing the correlation between statistical significance (—log10-adjusted p value) and the fold change of the deregulated genes in selected cell

types of interest.

(F) Bar plots showing Gene Ontology enrichment for selected and most significant biological processes.

(G) Average heatmap of the top upregulated genes in the CA-ExN1 cell type.

i.p., intraperitoneal(ly); Hp, hippocampus; CA, cornu ammonis; ExN, excitatory neuron; RG, radial glia; CR, Cajal-Retzius; DG, dentate gyrus; MGE-InhN, medial
ganglionic eminence-derived inhibitory interneuron; CGE-InhN, caudal ganglionic eminence-derived InhIN; VC, vascular cell; OPC, oligodendrocyte precursor

cell. See also Figure S3.

revealed enrichment of key biological processes related to axono-
genesis (GO:0007409, log10 false discovery rate [FDR] = —9.5768)
and synapse organization (GO:0050808, log10 FDR = —3.1784)
(Figure 2F; Figure S3F). Particularly, in CA-ExN1, IL-6 induced
increased expression of genes associated previously with cortical
spine maturation (Opcml; Zhang et al., 2019b) and axon formation
(Shtn1; Zhang et al., 2019a) (Figure 2G). Specific pathways asso-
ciated with energetic metabolism were also upregulated (e.g.,
G0:0046034, ATP metabolic process; GO:0006091, generation
of precursor metabolites and energy; GO:0007005, mitochon-
drion organization; GO:0022900, electron transport chain), sug-

gesting that extensive reprogramming of cellular metabolism
occurs in neurons upon prenatal IL-6 challenge.

IL-6 selectively enhances glutamatergic

synaptogenesis through direct action on neurons

To investigate the putative pro-synaptogenic role of IL-6 at the
cellular and molecular levels, we exploited primary neuronal cul-
tures, in which synapses develop from immature (4-7 days
in vitro [DIV]) to mature (13-14 DIV) stages (Matteoli et al.,
1995). Primary cultures of hippocampal neurons established
from IL-6-exposed E18 embryos (Figure 3A) showed a higher
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Figure 3. The proinflammatory cytokine IL-6 selectively increases glutamatergic synaptogenesis in developing neurons

(A) Experimental workflow: a single pulse of vehicle or IL-6 was injected i.p. into a pregnant mother on GD15, and primary hippocampal neurons were established
on E18. Cultured neurons were assayed at 14 DIV through patch-clamp recording.

(B and C) Representative traces of glutamatergic and GABAergic synaptic basal transmission (B) followed by quantitative analysis (C) of the frequency and
amplitude of MEPSCs and mIPSCs in hippocampal cultures established from vehicle- or IL-6-exposed embryos. mEPSCs: vehicle, n = 21 cells; IL-6, n = 31 cells;
Mann-Whitney test; ***p = 0.00004. mIPSCs: vehicle, n = 15 cells; IL-6, n = 21 cells; Mann-Whitney test; 4 independent experiments.

(D) Experimental workflow: different concentrations of IL-6 were incubated throughout in vitro development of hippocampal neurons, from 1 DIV up to 13 DIV,
adding the cytokine every 3 days, and then analyzed at 14 DIV.

(E and F) Electrophysiological traces (E) and quantitative analysis (F) of mEPSC frequency (left panel) and amplitude (right panel) in neuronal cultures at 14 DIV
upon chronic treatment with IL-6 at the indicated concentrations. Cells: Ctrl, n =27; 1 ng/mL, n=17; 5 ng, n = 14; 10 ng, n = 28; 3 independent experiments; one-
way ANOVA on ranks followed by Dunn’s multiple comparisons test; ***p = 0.0005, **p = 0.0062, *p = 0.0376.

(G) Electrophysiological traces of mIPSCs of neuronal cultures at 14 DIV upon chronic treatment with IL-6 at 10 ng/mL. Bottom panel: quantitative analysis of the
amplitude and frequency of mIPSCs. Cells: Ctrl, n = 22; IL-6, n = 23; 3 independent experiments; Mann-Whitney test.

(H) Immunofluorescence analyses of PSD-95-positive (green) and VGLUT1-positive (blue) punctum density along dendritic processes (beta Il tubulin, red) under
ctrl conditions and after chronic treatment with IL-6 (10 ng/mL). Scale bar, 10 um. Bottom panels: bar graphs showing postsynaptic (left graph), presynaptic
(center panel), and colocalizing punctum density (right panel). Four independent experiments. Dendrites analyzed: ctrl, n = 62; IL-6, n = 71; paired t test; *p =
0.0341 PSD95 densitys **p = o-0089Vglut density» *P = 0.0173coloc densit )

See also Figure S4.
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Figure 4. A transient elevation of IL-6 at the early stage of neuronal development is sufficient to promote glutamatergic synaptogenesis
(A) Experimental workflow: IL-6 at 10 ng/mL was added at early stages of neuronal development at 1 and 4 DIV. Neurons were assayed at 14 DIV.

(B) Electrophysiological traces of mMEPSCs in neuronal cultures at 14 DIV under ctrl conditions and upon short (1-4 DIV) treatment with IL-6.

(C) Quantitative analysis of MEPSC frequency and amplitude under ctrl conditions and upon IL-6 treatment. Cells: ctrl, n = 24; IL-6, n = 22; 3 independent ex-
periments; Mann-Whitney test; ***p = 0.0007.

(D) Immunofluorescence analysis of glutamatergic synaptic density using presynaptic (VGLUT1, blue) and postsynaptic (PSD-95, green) markers along a
dendritic branch stained with beta Ill tubulin (red). Scale bar, 10 um.

(E) Quantitative analysis of PSD-95 (left panel) and VGLUT1 (center panel) and colocalizing punctum density (right panel) under both conditions (3 independent
experiments). Dendrites analyzed: ctrl, n = 133; IL-6, n = 153; paired t test; *p = 0.0328ygut density> P = 0.0373coloc density-

(legend continued on next page)
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mEPSC but not mIPSC frequency (Figures 3B and 3C). Thus, the
effect of IL-6 is sculpted intrinsically in neurons, even after their
isolation from the brain context.

To assess whether IL-6 promotes synapse formation through
specific action on neurons, primary cultures of embryonic hippo-
campal neurons were exposed to different IL-6 concentrations
(1, 5, and 10 ng/mL) from 1-14 DIV, refreshing IL-6 every 3 days
(Figure 3D), and analyzed through patch-clamp recording at 14
DIV (Figure 3E). Again, the frequency of mEPSCs, but not mIPSCs,
was increased significantly upon incubation with IL-6 at 10 ng/mL
(Figures 3F and 3G), reflecting an E/I imbalance even in vitro. No
changes in passive membrane properties were observed (Fig-
ure S4A), indicating that the overall health state of neurons was
not affected by the cytokine at this concentration. The increased
glutamatergic basal transmission was accompanied by a higher
number of mature excitatory synapses (Figure 3H) with no effect
on the density of inhibitory synapses (Figures S4B and S4C).

The increase in mMEPSCs frequency might, in principle, result
from different mechanisms, including enhanced release proba-
bility at presynaptic terminals or homeostatic compensatory
mechanisms (e.g., synaptic scaling) (Vereyken et al., 2007; Wier-
enga et al.,, 2006). We excluded these possibilities because
short-term plasticity in synaptically connected neurons (Fig-
ure S4D; Maximov et al., 2007) and neuronal excitability (Bed-
ogni et al., 2016; Pozzi et al., 2013) were not altered upon IL-6
treatment (Figures S4E, S4G, and S4H). Notably, the amplitude
of postsynaptic currents (EPSCs) evoked by a single action
potential was significantly higher in neurons exposed to IL-6
treatment (Figure S4F), in line with the increase in glutamatergic
inputs (Chao et al., 2007).

To rule out a possible contribution of astrocytes to the
enhanced excitatory neurotransmission, hippocampal cultures
were grown in the presence of the anti-proliferative agent cytosine
arabinoside (Ara-C), which reduces the astrocytic component by
97%, comparable with that of 1 DIV cultures (Figures S41-S4K).
Even under these conditions, IL-6 enhanced mEPSCs frequency
(Figure S4L), indicating a negligible role of astrocytes. Further-
more, the lack of changes in the total number of cells as well as
inthe ratio between astrocytes and neurons in cultures chronically
exposed to IL-6 (Figure S4M) excluded a role of the cytokine in
changing the overall cellular composition of the culture. Finally,
because primary neuronal cultures do not contain microglia un-
less added specifically (Figure S4N; Filipello et al., 2018), a role
of these immune cells in the IL-6 effect can be ruled out.

A single pulse of IL-6 at stages preceding
synaptogenesis is sufficient to promote a long-lasting
increase in glutamatergic synaptic transmission

To identify developmental stages more sensitive to IL-6, neuronal
cultures were incubated with the cytokine at early stages of
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neuronal development (1-4 DIV; Figure 4A). This treatment was
sufficient to increase mEPSC frequency (Figures 4B and 4C) and
glutamatergic synapse density at 14 DIV in hippocampal (Figures
4D and 4E) and cortical neurons (Figure S5A). Furthermore, even a
single pulse of IL-6, applied before (1 DIV) or during (4 DIV) synap-
togenesis (Figures 4F-4H) was sufficient to enhance excitatory
transmission. Conversely, transient (Figures 41-4K) or prolonged
(Figure S5B) treatment at synaptically mature stages (13-21 DIV)
failed to increase glutamatergic transmission. No modulation of
synaptic transmission was observed upon acute application of
IL-6 (Figure S5C). Transient IL-6 treatment was effective even in
neuronal cultures established from embryos at E15 (Figure S5D),
a stage far preceding onset of gliogenesis (Bedogni et al., 2016),
when the amount of astrocytes is even lower (Figures S5E and
S5F). Unlike IL-6, different proinflammatory cytokines, such as
interferon vy (INFy), tumor necrosis factor alpha (TNF-¢), and
IL-1B, failed to enhance excitatory transmission (Figure S5G), indi-
cating specificity of IL-6 as a pro-synaptogenic molecule.

Thus, transient IL-6 elevation at stages preceding synapse for-
mation promotes long-lasting, selective enhancement of gluta-
matergic synapses without a crucial contribution from glial cells.

STATS3 activity is required for the IL-6-dependent
increase in glutamatergic synapses

IL-6 is known to activate a cascade of molecular events
converging on activation of STAT3 (Heinrich et al., 2003). Accord-
ingly, we found that STAT3 transcript and protein were enhanced
in neuronal cultures upon IL-6 treatment at early stages of devel-
opment (Figures 5A-5D), which also occurred in Ara-C-treated
cultures (Figures 5C and 5D), indicating neuron-specific STAT3
activation. A significant increase in mean fluorescence intensity
of the protein was also detected in the hippocampus upon prena-
tal IL-6 treatment for 24 h (Figure 5E), confirming STAT3 activa-
tion in vivo (Figures 5F and 5G).

STAT3 undergoes phosphorylation at two specific residues,
tyrosine-705 (Tyr-705) and serine-727 (Ser-727). according to
the kind of stimulation (Chung et al., 1997a, 1997b; Lim and
Cao, 1999; Wen et al., 1995). A transient increase in phosphory-
lation at Tyr-705 (Figure 5H) was detected after acute IL-6 appli-
cation to neuronal cultures (Figure 51), whereas Ser-727 remained
unaltered (Figure 5J). Accordingly, STAT3 phosphorylation at
Tyr-705 was enhanced in embryonic cortices uponi.c.v. injection
with IL-6 (Figure S5H).

IL-6-dependent signaling can be classified as classical or trans-
signaling, according to which receptor, membrane-bound (miL-
6R) or soluble protein (sIL-6R), dimerizes with B-receptor subunit
glycoprotein 130 (gp130), triggering a cascade of intracellular
events (Hunter and Jones, 2015; Jones et al., 2001, 2011; Rothaug
etal., 2016). In our cultures, expression of both receptors was up-
regulated significantly upon IL-6 elevation (Figure S5I), whereas

(F) Experimental workflow: a single exposure of IL-6 10 ng/mL was applied at 1 DIV (top panel) or 4 DIV (bottom panel), and neurons were assayed at 14 DIV.
(G and H) Representative traces (G) and quantitative analysis (H) of mMEPSC frequency and amplitude at 14 DIV under ctrl conditions and upon single IL-6
exposure at the indicated time points Cells: ctrl, n = 14; IL-6, 1 DIV, n = 14; IL-6, 4 DIV, n = 19; 3 independent experiments; one-way ANOVA on ranks followed by

Dunn’s multiple comparisons test; **p = 0.0011; ****p = 0.00001).

(I) Experimental workflow: a single exposure of IL-6 (10 ng/mL) was performed at 13 DIV, and neurons were assayed at 14 DIV.
(J and K) Representative traces (J) and quantitative analysis (K) of MEPSC frequency and amplitude recorded at 14 DIV under ctrl conditions and upon single IL-6
exposure at later stages of development. Cells: ctrl, n = 22; IL-6, n = 22; 3 independent experiments.

See also Figures S5 and S6.
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Figure 5. IL-6 increases STATS3 transcript and protein in neurons and induces selective phosphorylation at Tyr-705

(A) Experimental workflow: IL-6 at 10 ng/mL was added at 1 and 4 DIV, and neurons were collected at 6 DIV for the analysis.

(B) gPCR analysis of Stat3 mRNA in ctrl and IL-6-treated cultures (4 independent experiments, one-sample t test, **p = 0.008).

(C) Western blot analysis of STAT3 protein in ctrl and IL-6-treated neuronal cultures in the absence (with astrocytes, left panel) or presence of Ara-C (no as-
trocytes, right panel).

(D) Quantitative analysis of the optical density of STAT3 immunoreactive bands normalized by GAPDH in untreated (left graphs) and Ara-C-treated cultures (right
graphs). Four independent experiments; one-sample t test; Ctrl cultures, *p = 0.025; Ara-C cultures, *p = 0.041).

(E) Experimental workflow: a single pulse of vehicle (saline, as a ctrl) or IL-6 was injected i.p. into pregnant mothers on GD15 and the Hp of the embryo was
analyzed 24 h after injection through immunofluorescence.

(F) Immunofluorescence of hippocampal regions stained with STAT3 (red) and Hoechst (blue), established from embryos on E16 exposed to vehicle or IL-6 on
GD15 via maternal i.p. injection. VZ, ventricular zone; HNE, hippocampal neuroepithelium; DNE, dentate neuroepithelium; CH, cortical hem. Inset panels: higher
magnification of the selected area. Scale bars, 250 pm.

(G) Quantitative analysis of normalized STAT3 mean intensity in the Hp under the two conditions (vehicle, n = 7 embryos; IL-6, n = 6 embryos; Three independent
experiments (3 litters); Student’s t test; *p = 0.0129).

(H) Cultured neurons at 6 DIV were treated acutely with IL-6 and collected at different time points for western blot analysis.

(legend continued on next page)
Immunity 54, 2611-2631, November 9, 2021 2619




¢ CellPress

OPEN ACCESS

downregulation of IL-6R reduced constitutive STAT3 phosphory-
lation and prevented its activation upon IL-6 (Figure S5J), indi-
cating specificity of this receptor for activation of IL-6-dependent
intracellular pathways. A time course analysis showed that tran-
scriptional expression of IL-6R and gp130 mRNA was stable at 5
and 10 DIV and underwent significant downregulation at 14 DIV
(Figure S5K). In vivo, transcriptional expression of IL-6R increases
steadily from E16 to PO in the hippocampus and cortex, whereas
gp130 undergoes strong downregulation at birth (Figures S5L
and S5M). To discriminate which of the two pathways, classical
or trans-signaling, was predominant in developing neurons, we
exploited the recombinant soluble form of the GP130 receptor
(sGP130) to interfere with the trans-signaling pathway (Jostock
et al., 2001). We found that sGP130 did not affect IL-6-mediated
phosphorylation of STAT3 in cultured neurons (Figure S5N),
whereas in raw 264.7 cells, a monocyte/macrophage-like cell
line known to produce and secrete high amounts of sIL-6R
(Schumacheretal., 2015), sGP130 reduced STAT3 activation (Fig-
ure S50). Accordingly, sIL-6R was detected only in the extracel-
lular medium of raw 264.7 cells and not in cultured neurons at
any developmental stage (Figure S5P). Hence, IL-6 primarily
engaged classical signaling in developing neurons.

To assess the contribution of STAT3 activation to glutamatergic
synaptogenesis, we used Stattic, a drug that selectively prevents
STAT3 phosphorylation (Schust et al., 2006). Cultured neurons
were transiently exposed to IL-6 (Figure S6A) in the presence of
vehicle or 1 pM Stattic, a concentration effective in blocking
STAT3 phosphorylation (Figures 6A and 6B), without affecting
neuronal survival (Figure S6B) or synaptic basal transmission (Fig-
ure S6C). Stattic occluded enhancement of mMEPSC frequency
(Figures 6C and 6D) and substantially prevented the increase in
glutamatergic density (Figures 6E and 6F) induced by IL-6. Stattic
also prevented the increase in glutamatergic transmission
induced by chronic treatment with IL-6 (Figures S6D-S6F) without
affecting the overall increase in the total amount of STAT3 protein
(Figure S6G), indicating that IL-6-mediated upregulation of the
transcription factor is not self-sustained by STAT3. Moreover,
IL-6 did not change expression of a panel of pre- and postsynaptic
proteins or expression of the transcription factor nuclear factor kB
(NF-kB), involved in many immune-dependent processes (Fig-
ure S6H). Finally, the transcription factor STAT3 is only induced
transiently by IL-6 because transient application of IL-6 at early
stages of development did not result in sustained upregulation
of STATS3 protein at later stages (Figure S6l).

To demonstrate that STAT3 activation per se is sufficient to in-
crease glutamatergic synapses in a neuron-autonomous
fashion, we took advantage of two STAT3 mutant forms: the
mutant Y705F, mimicking a constitutively unphosphorylated
state of the protein (inactive form), and the mutant Y705E,
mimicking a constitutively phosphorylated state (active form).
Both STAT3 phospho mutants were translated as fusion proteins
bearing a Myc tag, and the synaptic analysis was performed in
sparse transfected neurons expressing the fusion proteins (Fig-
ure 6G). Analysis of PSD-95-positive punctum density in trans-
fected neurons showed that Y705E, but not Y705F, significantly
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increases PSD-95 density (Figure 6H). Thus, transient activation
of STAT3 in neurons is required for the IL-6 effect on glutamater-
gic synapses.

IL-6 promotes glutamatergic synaptogenesis through a
STAT3-dependent genomic effect involving RGS4
activity

Recent evidence has shown cytoplasmic effects of STAT3 in
neurons (Nicolas et al., 2012); hence, to exclude possible non-
genomic mechanisms, the fungal metabolite galiellalactone, a
selective STAT3 inhibitor able to prevent STAT3 binding to
DNA (Weidler et al., 2000), was employed. 4 uM galiellalactone
was sufficient to block STAT3 genomic activity (Figure 61) without
affecting neuronal survival (Figure S7A), IL-6-dependent STAT3
phosphorylation (Figure S7B), or basal synaptic transmission
(Figure S7C). 4 uM galiellalactone (Figure S7D) was able to block
the increase in mEPSC frequency induced by IL-6 (Figures 6J
and 6K), demonstrating that the pro-synaptogenic effect of IL-
6 required STAT3 genomic activity.

To identify the molecular pathways involved in IL-6-induced
glutamatergic synaptogenesis, we investigated the overall tran-
scriptional rearrangement induced by IL-6 through STAT3
activation by 10X single-cell transcriptomics. We assessed
genome-wide expression profiling of 3,687 single cells isolated
from cultured hippocampal neurons under ctrl conditions or
upon IL-6 application (ctrl, 1,865; IL-6, 1,822) at 5 DIV (Fig-
ure S7E). The median number of genes detected per cell was
5,229 for IL-6 and 4,714 for ctrl, and the median number of tran-
scripts (unique molecular identifiers [UMIs]) per cell was 22,011
and 17,572, respectively. Unsupervised clustering analysis iden-
tified eight distinct populations according to their gene transcrip-
tional profiles (Figures 7A and 7C). In agreement with in vivo data,
the clusters were represented under the two experimental con-
ditions and overlapped substantially (Figure 7B), suggesting
that changes in transcriptional profiling within each single clus-
ter, rather than modifications of the distinct cell identities,
occurred upon IL-6 treatment.

We systematically classified the cells by comparing their tran-
scriptional profiles with the newly identified neuronal and non-
neuronal markers from single-cell analysis performed in the
developing hippocampus (Figure 2; Table S1) and by pre-exist-
ing signature gene sets of endogenous neuronal and glial types
(Cahoy et al., 2008; Cembrowski et al., 2016; Harris et al., 2018;
Lein et al., 2007) (see STAR Methods for details). We defined
eight main transcriptionally distinct cell types reflecting the diver-
sity of neuronal and non-neuronal classes found in the hippo-
campus (Cembrowski et al., 2016; Pelkey et al., 2017).

Based on this enrichment analysis, we found that two of the
eight clusters belonged to the astrocyte lineage (cluster 1 [c1]
and c2), expressing glial specific marker genes, including Gfap
and Agp4, with one of them showing markers of cycling cells
(c2) (Figure S7F; Table S3). c0, c3, c4, c5, c6, and c7 displayed
enrichment of neuron-specific genes, among others Map2,
Grin2b, and Syt4, expressed in hippocampal neurons. Among
them, c0 and c3 expressed specific markers for CA pyramidal

(land J) Time course analysis of STAT3 phosphorylation at Tyr-705 (I) and Ser-727 (J) upon acute (30-min) IL-6 treatment at 6 DIV in cultured neurons. Values were
normalized (bottom panels) against the total amount of STAT3 (4 independent experiments, Wilcoxon signed-rank test, *p = 0.0313).

See also Figure S5.
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neurons (Opcml and Crym), and c4 and c5 showed enriched
expression for DG neuronal markers (e.g., Prox1, Calb2, and
Sema3c) (Figure S7F) and c7 for CR neurons. Only one cluster
could be clearly ascribed to the GABAergic lineage (c6), ex-
pressing prototypical markers of GABAergic neurons, including
Gad2, Erbb4, and Lhx6 (Figures 7A and 7C; Figure S7F; Table
S3; Mancinelli and Lodato, 2018). In terms of relative abundance
of distinct cellular populations, the single-cell sequencing data
also provided evidence that our in vitro culture system supports
development of the different classes, while, at large, respecting
the ratio of excitatory and inhibitory neurons and glial cells, which
is appropriate for the developmental stage of the analysis (Lo-
dato and Arlotta, 2015; Mancinelli and Lodato, 2018; Pelkey
etal., 2017)

To further investigate the transcriptional changes induced by
transient IL-6 application, we performed differential expression
analysis between IL-6-stimulated and ctrl conditions. We identi-
fied 63 DEGs (adjusted p value cut-off of 0.05 and a log-fold
changes (logfc) threshold of 0.20), with 55 upregulated and 8
downregulated upon IL-6 treatment (Table S4). As expected,
Stat3 gene expression was upregulated significantly (p < 0.05),
but only in the CA-ExN clusters (cO and ¢3), indicating predomi-
nant involvement of CA pyramidal neurons upon IL-6 stimulation.
IL-6-mediated Stat3 expression was not subjected to any signifi-
cant modifications in DG-ExN, astrocyte, or GABAergic clusters
(Figures 7D and 7E).

To identify possible Stat3 co-regulated genes, we combined an
unbiased correlation analysis within neuronal clusters where Stat3
was upregulated significantly (cO and ¢3) with a differential anal-
ysis between IL-6-stimulated cultures and ctrls. Only four genes
showed significant correlation with Stat3 expression upon IL-6
treatment (Figure 7E, bottom). Among them, the highest correla-
tion (positive) was found between Stat3 and Rgs4 (Pearson r cor-
relation value = 0.31), indicating that, in clusters where Stat3 was
upregulated, Rgs4 expression was increased concomitantly (Fig-
ures 7F and 7G), ranking at the top of significantly correlated
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genes. This gene was highly enriched in neuronal clusters (Fig-
ure 7G). Furthermore, when we analyzed the promoter region of
Rgs4 using bioinformatics tools for transcription factor binding
sites prediction (Khan et al., 2018; Sandelin et al., 2004), we found
distinct putative sites containing Stat3 response elements pre-
dicted with a relative profile score threshold of 80% (Figure S7G).
These results suggest that Rgs4 could be a downstream target
gene of STAT3 upon IL-6 stimulation.

The data obtained through the single-cell sequencing
approach were then validated through gPCR quantitation of
Rgs4 mRNA transcripts in cultured neurons in which Rgs4 was
upregulated significantly upon IL-6 treatment via STAT3
genomic activity (Figure 7H). Also, STAT3-dependent RGS4
transcriptional elevation occurred in a cell-autonomous fashion
because the only expression of the active form of STAT3 en-
hances RGS4 mRNA expression in N2A cell lines (Figure 71-J).

To provide a causal link between RGS4 upregulation and the
IL-6-mediated increase in glutamatergic synapses, neuronal cul-
tures treated with IL-6 were incubated with the recently identified
small molecule CCG-63802, a selective RGS4 inhibitor (Blazer
et al., 2010; Figure S7H), at a dose not toxic to hippocampal
neurons (Figure S7I). Inhibition of RGS4 prevented the IL-6-
dependent enhancement of glutamatergic transmission at 14
DIV (Figures 7K and 7L), demonstrating that STAT3 -dependent
RGS4 elevation is required for the increase of glutamatergic syn-
aptic contacts induced by IL-6.

Toinvestigate whether STAT3 and RGS4 are engaged in in vivo
models of prenatal inflammation, pregnant mice were injected
i.p. on GD15 with IL-6 or polyinosinic:polycytidylic acid (poly(l:C))
(Figure 7M), a synthetic analog of viral double-stranded RNA, a
well-established model of maternal immune activation (Choi
et al., 2016; Corradini et al., 2018; Hsiao and Patterson, 2011;
Shin Yim et al., 2017; Smith et al., 2007). Poly(l:C) was used at
2 mg/kg or 20 mg/kg, and expression of STAT3 and RGS4
mRNA was evaluated 24 h after injection in embryonic hippo-
campi (Figure 7M). Similar to IL-6 injection, poly(l:C), applied at

Figure 6. STAT3 genomic activity is causally linked to the IL-6-dependent increase in glutamatergic synapses

(A) Western blot analysis of STAT3 phosphorylation in cultured neurons at 6 DIV treated acutely (30 min) with IL-6 in the absence or presence of Stattic (1 uM).
(B) Quantification of STAT3 phosphorylation normalized to total STAT3 protein amount. Ctrl, n = 3; IL-6, n = 3; 3 independent experiments; one-sample t test;
*p =0.019.

(C and D) Electrophysiological traces (C) and quantitative analysis (D) of MEPSC frequency and amplitude in cultured neurons at 14 DIV under ctrl conditions and
upon application of IL-6 (see scheme in Figure S6A) in the presence of vehicle or 1 uM Stattic. Ctrl, n = 33 cells; IL-6, n = 30 cells; IL-6, Stattic, n = 19 cells; 3
independent experiments; one-way ANOVA followed by Tukey’s multiple comparisons test; ****p = 0.000004, **p = 0.006.

(E) Immunofluorescence analysis of glutamatergic synaptic density through antibodies against presynaptic (VGLUT1, blue) and postsynaptic (PSD-95, red)
markers along dendritic branches (beta Ill tubulin, red). Scale bar, 10 um.

(F) Quantitative analysis of colocalizing punctum density under the different conditions. Three independent experiments; dendrites analyzed: Ctrl, n = 117; IL-6,
n = 130; IL-6 + Stattic, n = 88; one-way ANOVA on ranks followed by Turkey’s multiple comparisons test).

(G) Representative images of hippocampal neurons expressing GFP together with myc alone (top panels), myc-flagged STAT3-phosphomutant Y705E (center
panels), and myc-flagged STAT3-phosphomutant Y705F (bottom panels). Neurons were stained with antibodies against myc (red) and with PSD-95 (blue) to
evaluate the density of postsynaptic puncta along the GFP-expressing (green) dendritic branches. High-magnification images are shown on the right; arrows
indicate PSD-95-positive puncta. Scale bars: left panel, 20 pm; right panel, 10 um.

(H) Quantitative analysis of PSD-95-positive punctum density and size under the three different conditions with respect to ctrl conditions. Three independent
experiments; dendrites: Y705E = 33; Y705F = 30; Myc = 35; one-way ANOVA on ranks followed by Turkey’s multiple comparisons test; Myc-T705E, *p = 0.034;
Myc-T705F, *p = 0.018.

() STATS luciferase reporter assay performed in cultured neurons stimulated with IL-6 for 48 h alone and in the presence of galiellalactone (1 and 4 uM). Five
independent experiments; one-sample t test; IL-6, *p = 0.0353; IL-6 + galiellalactone (Gall; 1 uM), *p = 0.0122.

(J and K) Representative electrophysiological traces (J) and quantitative analysis (K) of mEPSC frequency and amplitude in cultured neurons at 14 DIV under ctrl
conditions and upon application of IL-6 with vehicle or Gall (Figure S7D). Cells: ctrl, n = 30; IL-6, n = 20; IL-6, Gall (1 pM), n = 13; IL-6, Gall (4 uM), n = 20; 3
independent experiments; one-way ANOVA on ranks followed by Dunn’s multiple comparisons test; ctrl versus IL-6, ***p = 1.01 x 1077; ctrl versus IL-6 + Gall
(1 uM), **p = 3.53 x 107%; IL-6 versus IL-6 + Gall (4 uM), **p = 6.56 x 107%; IL-6 + Gall (1 uM) versus IL-6 + Gall (4 uM), **p = 0.0027.

See also Figures S6 and S7.
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Figure 7. Rgs4 is upregulated in specific neuronal clusters upon IL-6 treatment and is required to increase glutamatergic synaptogenesis
(A) UMAP of all detected single cells. Each point represents a single cell, colored according to cluster designation. n = 3,687 individual cells. Clusters are labeled
according to cell enrichment assessed by the AUCell R Bioconductor package (Figure S7E).
(B) UMAP of all detected single cells, colored according to experimental condition. Black points, ctrl cells; red points, IL-6-treated cells.
(legend continued on next page)
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20 mg/kg, promoted upregulation of STAT3 and RGS4 (Fig-
ure 7N). Also, higher transcriptional amounts of the two genes
were detected in mice exposed prenatally to IL-6 at the postnatal
stage (P6) (Figures 70 and 7P).

DISCUSSION

Synapse formation is a key step in the brain developmental pro-
gram. Environmental stressors acting at early stages—among all
inflammatory conditions—may have long-term effects on physi-
ological trajectories affecting brain connectivity and behavior in
adulthood (Boulanger, 2009; Deverman and Patterson, 2009).
Maternal inflammation, usually occurring as a transient phenom-
enon (Benedusi et al., 2015; Garetto et al., 2016; Kallikourdis,
2018; Munoz-Suano et al., 2012), has a long-range effect on
brain development and is recognized as risk factor for neurode-
velopmental diseases such as autism and schizophrenia (Bou-
langer-Bertolus et al., 2018; Estes and McAllister, 2016; Knuesel
et al., 2014). However, the molecular underpinnings are still un-
known. Here we show that transient elevation of IL-6 during pre-
natal development is sufficient to exert a long-lasting effect on
glutamatergic synaptogenesis, resulting in excessive density of
excitatory inputs and enhanced synaptic basal transmission.
Although IL-6 elevation in models of prenatal immune activation
engages different immune molecules (Choi et al., 2016; Shin Yim
et al., 2017) through involvement of the maternal gut microbiota
(Kim et al., 2017), leading to brain developmental defects (Choi
etal., 2016; Shin Yim et al., 2017), here we show that direct injec-
tion of IL-6 into embryonic ventricles on E15 phenocopied the in-
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creases in glutamatergic synapses produced by IL-6 in dams.
Hence, besides engaging immune-related molecules in the
mother, IL-6 can affect synapse formation directly in the embry-
onic brain, even in view of its capacity to cross the placenta bar-
rier and reach the fetus (Dahlgren et al., 2006; Lim et al., 2021).
The pro-synaptogenic effect is highly specific for IL-6.

The ability of IL-6 to enhance glutamatergic synapses in the
offspring relies on early activation of specific biological pro-
cesses linked to synaptogenesis in selected embryonic cell
clusters identified as glutamatergic neurons. Different from
non-neuronal cells and inhibitory neuron clusters, these gluta-
matergic clusters are abundant at this developmental stage
and display the highest number of deregulated genes upon IL-
6 treatment in vivo, likely being the main target for IL-6. The
enhanced glutamatergic transmission is also detectable when
neurons are isolated from the embryonic brain and grown
in vitro, indicating that prenatal IL-6 increases the intrinsic ca-
pacity of glutamatergic neurons to form excitatory synapses.
Besides activating key processes related to synaptogenesis,
prenatal IL-6 resulted in modulation of pathways associated
with energetic metabolism, suggesting acceleration of the meta-
bolic reprogramming that normally occurs in immature postmi-
totic neurons during differentiation (Agostini et al., 2016; Zheng
et al., 2016).

The increased number of excitatory but not inhibitory contacts
in the offspring produced by prenatal IL-6 elevation is indicative
of an E/I imbalance, a pathological hallmark of neurodevelop-
mental disorders (Lisman, 2012; Nelson and Valakh, 2015;
O’Donnell et al., 2017; Sohal and Rubenstein, 2019) associated

(C) Dot plot showing average gene expression of selected markers used for cluster annotation.
(D) Feature plot showing Stat3 gene expression split by treatment. Left panel: ctrl cells; right panel, IL-6-treated cells.

(E) Top: expression distribution (violin plots) showing log-transformed, normalized expression of the Stat3 gene in all clusters grouped by cell type and colored
according to experimental condition. Black points, ctrl cells; red points, IL-6-treated cells. *p < 0.05, Wilcoxon rank-sum test. Bottom: table showing Pearson r
correlation values of genes correlated significantly with Stat3 gene expression level in cO and c3 of IL-6-treated cells and modulated significantly after IL-6
treatment in cO and c3.

(F) Feature plots showing Rgs4 gene expression split by treatment. Left panel: ctrl cells; right panel, IL-6-treated cells.

(G) Expression distribution (violin plots) showing log-transformed, normalized expression of the Rgs4 gene in all clusters grouped by cell type and colored
according to experimental condition. Black points, ctrl cells; red points, IL-6-treated cells; *p < 0.05; Wilcoxon rank-sum test.

(H) gPCR analysis of Rgs4 mRNA transcripts in cultured neurons at 6 DIV upon short IL-6 treatment (see scheme in Figure 4A) with and without 4 pM Gall,
normalized to GAPDH expression. Four independent experiments, one-sample t test, *p = 0.0389).

(I) Schematic workflow: N2A cell lines were co-transfected with plasmids coding for the STAT3 phosphomutants Y705E and Y705F together with GFP. After 24 h,
GFP* cells were subjected to fluorescence-activated cell sorting (FACS) and assessed for RGS4 expression through gPCR analysis.

(J) Quantitative analysis of Rgs4 mRNA transcripts normalized to GAPDH expression under the indicated conditions. Four independent experiments, one-sample
t test, *p = 0.0411.

(K) Representative traces of mMEPSCs recorded in cultured neurons at 14 DIV under ctrl conditions and upon application of IL-6 (see scheme in Figure S7H) in the
presence or absence of the RGS4 inhibitor CCG-63802.

(L) Quantitative analysis of mMEPSC frequency and amplitude under the indicated conditions. Cells: ctrl, n = 23; IL-6, n = 20; IL-6, CCG-63802 (CCG), n = 25; CCG
n = 15; 3 independent experiments; one-way ANOVA on ranks followed by Dunn’s multiple comparisons test; *“p = 0.0046, *p = 0.0391, ***p = 0.0008.

(M) Experimental procedure used for the Maternal Immune Activation (MIA) model: a single pulse of vehicle (saline, as a ctrl), IL-6 (5 ng), or poly(l:C) (at 2 or 20 mg/
kg) was injected i.p. into pregnant mothers at GD15, and the Hp of embryos was analyzed 24 h after injection through gPCR analysis.

(N) Quantitative analysis of Stat3 and Rgs4 expression normalized to the total amount of Gapdh transcript in the Hp of embryos under the indicated conditions.
Stat3: vehicle, n = 9 embryos; IL-6, n = 16 embryos; poly(l:C), 2 mg, n = 6 embryos; poly(l:C), 20 mg, n = 16 embryos; 2 independent experiments. Rgs4: vehicle,
n =13 embryos; IL-6, n = 19 embryos; poly(l:C), 2 mg, n = 9 embryos; poly(l:C), 20 mg, n = 19 embryos; 3 independent experiments; one-way ANOVA on ranks
followed by Dunn’s multiple comparisons test. Stat3 analysis: vehicle-IL-6, ****p = 0.00009; vehicle-poly(l:C), 20 mg, *p = 0.03826; vehicle-poly(l:C), 2 mg, *p =
0.01247. Rgs4 analysis: *p = 0.0238, **p = 0.0073.

(O) Experimental procedure: a single pulse of vehicle (saline, as a ctrl) or IL-6 (5 png) was injected i.p. into pregnant mothers at GD15, and the Hp or cortex of pups
was analyzed on P6 through gPCR analysis.

(P) Quantitative analysis of Stat3 and Rgs4 expression normalized to the total amount of Gapdh transcript in the Hp of embryos under the indicated conditions.
Stat3 mRNA level: Hp (vehicle, n = 16 mice, Three independent experiments (3 litters); IL-6, n = 11 mice, N =2 litters), cortex (vehicle, n = 14 mice, N = 3 litters; IL-6,
n =13 mice, N = 3 litters). Rgs4 transcripts: Hp (vehicle, n = 16 mice, Three independent experiments (3 litters); IL-6, n = 11 mice, N = 2 litters), cortex (vehicle, n =
15 mice, N = 3 litters; IL-6, n = 14 mice, N = 3 litters); Student’s t test. Stat3 analysis: ****p = 0.00005, *p = 0.03. RGS4 analysis: *p = 0.0201.

See also Figure S7.
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with altered brain functional connectivity (Ajram et al., 2017; Fil-
ipelloetal., 2018; Pagani et al., 2019; Zhou et al., 2019). Similarly,
genetic models of neurodevelopmental disorders display
abnormal glutamatergic connections and altered brain connec-
tivity (Xiong et al., 2012; Zaslavsky et al., 2019). Accordingly,
we found an overall hyperconnectivity in the brain of adult mice
exposed prenatally to IL-6, with particular involvement of the hip-
pocampal regions. Although the cellular processes that are the
basis of these alterations are totally unknown, it has been pro-
posed that abnormal excitatory inputs in neural circuits
contribute to aberrations in global brain connectivity (Deco
et al., 2014; Markicevic et al., 2020). In our model, the highest
glutamatergic connections were observed in the hippocampus
and cortex, although the effect on the hippocampus was more
pronounced. Cell-type-specific STAT3-dependent gene pro-
grams, region-specific onset of synaptogenesis, and cell-type-
specific expression of IL-6R (Gadient and Otten, 1994) may be
the basis of these differences.

Studies in humans have highlighted a clear link between pre-
natal inflammation and functional brain connectivity in the
offspring (lidaka et al., 2019; Supekar et al., 2013). Moreover,
specific brain connectivity patterns in children reflected maternal
elevation of IL-6 (Rudolph et al., 2018; Spann et al., 2018). Our
findings provide a mechanistic framework for the detrimental ef-
fects induced by inflammation during pregnancy, with important
implications for the clinical setting. For instance, in the “cyto-
kines storm” induced by severe acute respiratory syndrome co-
ronavirus 2 (SARS-CoV-2), the etiological agent of coronavirus
disease 2019 (COVID-19), IL-6 is the major pro-inflammatory
cytokine (Moore and June, 2020; Zhou et al., 2020) secreted
by immune cells (Hunter and Jones, 2015; Jones and Hunter,
2021; Velazquez-Salinas et al., 2019). Although data so far did
not highlight severe complications in pregnant women with
SARS-CoV-2 (Wastnedge et al., 2021), our evidence prompts
the need for long-term neurodevelopmental follow-up of new-
borns from women affected by SARS-CoV-2, especially in the
case of infections occurring around the third trimester of gesta-
tion, when synaptogenesis starts in human embryos (Hutten-
locher and Dabholkar, 1997).

IL-6 exerts its pro-synaptogenic effect by acting on the IL-6 re-
ceptor, which is expressed in the brain (Aniszewska et al., 2015;
Gadient and Otten, 1993, 1996; Rothaug et al., 2016) and in hip-
pocampal neurons (Gadient and Otten, 1994; Sawada et al.,
1993; Vereyken et al., 2007). We found that IL-6R and gp130
are expressed steadily in neurons at early stages of development
and undergo significant downregulation later on, providing a
possible explanation for the selective pro-synaptogenic role of
IL-6 in developing but not mature neurons. We also showed
that developing neurons do not produce sIL-6R and are insensi-
tive to sgp130 when challenged with IL-6, indicating that, at early
stages of development, the IL-6 classical signaling mechanism is
predominant. Previous findings in the mature brain indicated
trans-signaling as the main mechanism of the pathological role
of IL-6 (Campbell et al., 2014; Kraakman et al., 2015; Timper
etal., 2017; Willis et al., 2020), suggesting that the two pathways
might be engaged in a development-dependent fashion. The two
receptors were detectable in vivo in the hippocampus and cortex
at different prenatal stages, in line with other studies performed
in rodent and human embryos (Barnabé-Heider et al., 2005;
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Dame and Juul, 2000; Gallagher et al., 2013). Downregulation
of gp130 was also observed in the hippocampus and cortex at
PO, pointing to prenatal stages as the most vulnerable period,
when neurons may be particularly sensitive to IL-6.

The long-lasting effect produced by IL-6 on glutamatergic syn-
aptogenesis results from a transcriptional mechanism associ-
ated with a genomic rearrangement, in which the transcription
factor STAT3 plays a central role. Although already studied in
many different cellular contexts, including in the immune system
(Jiang et al., 2014; Maritano et al., 2004), cancer (Yu et al., 2009),
neuronal progenitors (Gallagher et al., 2013), and mature neu-
rons (Fang et al., 2013; Leibinger et al., 2013a; Murase et al.,
2012; Nicolas et al., 2012; Park et al., 2012), a direct role of
STAT3 in synapse formation has never been demonstrated.
We showed that STATS3 is activated transiently upon IL-6 eleva-
tion in neurons, and its genomic effect is causally linked with the
increase in glutamatergic synapses, probably through transitory
upregulation of synapse-specific genes at early developmental
stages. STATS3 activation in vitro occurred in two specific bona
fide glutamatergic cell clusters, distinct from GABAergic and
non-neuronal clusters, which likely explains the selective action
of the cytokine on ExNs.

We identified RGS4 as a STAT3 downstream neuronal gene
responsible for the increase in excitatory synapses through sin-
gle-cell transcriptomics. RGS4 belongs to a gene family involved
in regulation of G-coupled receptor-associated signaling (Bansal
et al., 2007; Berman et al., 1996a, 1996b; Hepler et al., 1997).
RGS4 is the most abundant isoform in the CNS is expressed
highly in the prefrontal cortex, hippocampus, thalamus and stria-
tum (Ni et al., 1999; Nomoto et al., 1997), and is enriched mainly
in neurons, along proximal apical dendrites, and at presynaptic
terminals (Paspalas et al., 2009). Accordingly, our single-cell
analysis revealed high RGS4 expression in neuronal clusters,
specifically in those where STAT3 was upregulated.

Although RGS4 is known to modulate multiple aspects of
neuronal physiology, including synaptic transmission and plas-
ticity in mature neurons (Gerber et al., 2016), few studies have
investigated its possible involvement in neuronal development
(Cheng et al., 2013; Pallaki et al., 2017). We provided evidence
that RGS4 expression is dependent on STAT3 genomic activity
and that its activation is crucial for IL-6-mediated enhancement
of excitatory synapses. Given the importance of G-protein
signaling in neuronal development (Munno et al., 2003; Shelly
etal., 2010), we propose RGS4 as an additional player in the pro-
cess of glutamatergic synaptogenesis, when its early upregula-
tion might modulate G-protein-dependent intracellular signaling,
affecting the intrinsic capacity of neurons to form excitatory syn-
apses. In line with this hypothesis, a recent study highlighted a
prominent role of G-protein-coupled receptor signaling in hippo-
campal synaptogenesis (Sando and Sudhof, 2021). RGS4 gene
polymorphisms (Chowdari et al., 2002; Shirts and Nimgaonkar,
2004; Talkowski et al., 2006) and alterations of the protein
amount (Dean et al., 2009; Erdely et al., 2006; Schwarz, 2018)
have been detected in individuals affected by schizophrenia,
(Levitt et al., 2006). Also, allelic variation of the rgs4 gene is asso-
ciated with altered functional and structural brain connectivity in
humans (Buckholtz et al., 2007). It is now established that autism
and schizophrenia are neurodevelopmental pathological condi-
tions characterized by aberrant synaptic connectivity (Frankle
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et al., 2003; Glausier and Lewis, 2013; Konopaske et al., 2014;
Penzes et al., 2011; Zuccaro et al., 2021). Given the importance
of maternal immune activation as a risk factor for neurodevelop-
mental disorders (Bauman et al., 2014; Estes and McAllister,
2016; Giovanoli et al., 2016; Lipina et al., 2013; Malkova et al.,
2012; Missault et al., 2014), upregulation of STAT3 and RGS4 in-
dicates critical involvement of these two genes in inducing long-
term consequences for synaptic density and brain connectivity
in prenatal inflammatory conditions. Given the current lack of
pharmacological tools for prevention of neurodevelopment
disorders, these results represent a promising perspective in
identification of druggable pathways for early interventional
strategies.

Limitation of the study

Our data point to a direct role of IL-6 in neurons, specifically
occurring at stages shortly preceding synaptogenesis. The ef-
fects of IL-6 are reproduced in pure neuronal cultures and
even in neurons established from brains on E15, a stage far pre-
ceding onset of gliogenesis. Despite this evidence being well
supported using the in vitro system, other cell types being
involved in vivo cannot be completely ruled out. Prenatal IL-6
elevation in embryos genetically devoid of IL-6R expression in
distinct cell types would be a valuable strategy to address this
issue. A second limitation relies on the causal role of STAT3
and RGS4 and altered synaptogenesis in maternal immune acti-
vation models, which was not fully addressed in this study. Abla-
tion of STAT3 in vivo leads to embryonic lethality (Takeda et al.,
1997); hence, interference with the activity of this transcriptional
factor in vivo (especially at early stages of development) might
lead to neuronal damage, making it difficult to clarify the precise
contribution of STAT3 to the IL-6-mediated effect.
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REAGENT or RESOURCE

SOURCE

Antibodies

Mouse monoclonal anti-STAT3 (124H6)

Rabbit monoclonal anti- Phospho-Stat3
(Tyr705) (D3A7)

Rabbit monoclonal anti- Phospho-Stat3
(Ser727) Antibody

Rabbit polyclonal anti-GAPDH

Mouse monoclonal anti-Post Synaptic
Density Protein 95 Antibody, clone
6G6-1C9

Guinea Pig polyclonal anti- vGlut-1
Rabbit polyclonal anti- Shank 2

Rabbit polyclonal anti- NFkB p65 (C-20)
Rabbit polyclonal anti- NeuroD2

Rabbit polyclonal anti- Satb2

Mouse monoclonal anti- Glial Fibrillary
Acidic Protein (GFAP) antibody

Rabbit polyclonal anti- vGAT
Guinea Pig polyclonal anti-NeuN
rabbit anti-IBA-1

Mouse monoclonal anti-glll Tubulin
(Clone 5G8)

Rabbit monoclonal anti- Jak2 (D2E12) XP®

Rabbit polyclonal anti-alphaTubulin
Goat anti-Mouse IgG (H+L) Secondary
Antibody, HRP

Goat anti-Rabbit IgG (H+L) Secondary
Antibody, HRP

Goat anti-Mouse IgG, IgM (H+L) Highly
Cross-Adsorbed Secondary Antibody,
Alexa Fluor 488

Goat anti-Rabbit IgG (H+L) Highly
Cross-Adsorbed Secondary Antibody,
Alexa Fluor 488

Goat anti-Rabbit IgG (H+L) Highly
Cross-Adsorbed Secondary Antibody,
Alexa Fluor 555

Goat anti-Mouse 1gG (H+L) Highly
Cross-Adsorbed Secondary Antibody,
Alexa Fluor 555

Goat anti-Guinea Pig IgG (H+L) Highly
Cross-Adsorbed Secondary Antibody,
Alexa Fluor 633

Cell Signaling Technology
Cell Signaling Technology

Cell Signaling Technology

Synaptic System
Merk-Millipore

Synaptic System

Synaptic System

Santa Cruz Biotechnology
Abcam

Abcam

Merk-Millipore

Synaptic System

Synaptic System

FUJIFILM Wako Chemicals
U.S.A. Corp

Promega

Cell Signaling Technology
Sigma Aldrich
ThermoFisher

ThermoFisher

ThermoFisher

ThermoFisher

ThermoFisher

ThermoFisher

ThermoFisher

Cat# 9139; RRID AB_331757
Cat# 9145; RRID AB_2491009

Cat# 9134; RRID AB_331589
Cat# 247-002; RRID AB_10804053

Cat# MAB1596; RRID AB_2092365

Cat# 135-304; RRID AB_887878
Cat# 162-202; RRID AB_2619860
Cat# sc-372; RRID AB_632037

Cat# ab104430; RRID AB_10975628
Cat# ab34735; RRID AB_2301417
Cat# G3893; RRID AB_477010

Cat# 131-003; RRID AB_887869
Cat# 266 004; RRID AB_2619988
Cat#01919741; RRID AB_839504

Cat# G7121; RRID AB_430874

Cat# 3230; RRID AB_2128522
Cat# T3526; RRID AB_261659
Cat# 31430; RRID AB_228307

Cat# 31460; RRID AB_228341

Cat# A-11029; RRID AB_2534088

Cat# A-11034; RRID AB_2576217

Cat# A-21429; RRID AB_2535850

Cat# A-21424; RRID AB_141780

Cat# A-21105; RRID AB_2535757

Chemicals, peptides, and recombinant proteins

Recombinant Murine Interleukin 6
Stattic

Peprotech
Tocris
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Galiellalactone Bioaustralis Cati# BIA-G1032

Polyinosinic:polycytidylic acid (Poly(l:C)) Sigma Aldrich Cat# 117M4005V

CCG-63802 Sigma Aldrich Cat#SML0016

Tetrodotoxin Tocris Cat#1078

Bicuculline Tocris Cat#0109/10

CNQX Tocris Cat# 1045/1

D-AP5 Tocris Cat# 0106/1

Critical commercial assays

Cignal Lenti STAT3 reporter Kit QIAGEN Cat# CLS-6028L

Deposited data

Raw and analyzed scRNA-seq data This Paper GEO:GSE180345

Raw data from Figures 1,5 and This Paper Mendeley Data https://doi.org/10.17632/

Supplementary Figure 1,2,4,5,6 and 7 5vpsd5d9zw.1

Experimental models: Cell lines

N2A ATCC Cat# CCL-131; RRID CVCL_0470

Experimental models: organisms/strains

Mouse C56BL/6N
Mouse CD1

Charles River
Charles River

Strain Code 027
Strain Code 022

Recombinant DNA

pCDNA 3.1 EGFP

pCDNA 3.1 myc 768-STAT3 Y795E
PCDNA 3.1 myc 768-STAT3 Y705F
pCAG-PSD95.FingR-eGFP-CCR5TC

Valeria Poli’s lab (Unito, ltaly)
Valeria Poli’s lab (Unito, Italy)
Valeria Poli’s lab (Unito, ltaly)
Addgene

N/A
N/A
N/A
Cat#46295; RRID Addgene_4629

Software and algorithms

GraphPad Prism 7

ImageJ

Adobe Photoshop CC17

R package edgeR

R software (version 3.4.0)
Mini Analysis Program

GraphPad Software

NIH

Adobe

N/A

R Foundation for Statistical Computing
Synaptosoft Inc.

https://www.graphpad.com;
RRID:SCR_002798
https://imagej.nih.gov/ij/index.html;
RRID:SCR_003070
https://www.adobe.com/;
RRID:SCR_014199

https://bioconductor.org/packages/
release/bioc/html/edgeR.html;
RRID:SCR_012802
https://www.r-project.org/

Version 6.0.3

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Davide
Pozzi (davide.pozzi@humanitasresearch.it).

Materials availability
This study did not generate new unique reagents

Data and code availability
All datasets related to single-cell RNA sequencing have been deposited at GEO and are publicly available as of the date of publica-
tion, GEO: GSE180345. Accession numbers are listed in the Key resources table.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
Raw data from Figures 1 and 5 and Figures S1, S2, S4, S5, S6, and S7 were deposited on Mendeley Data at https://doi.org/10.
17632/5vpsd5d9zw.1
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

All experiments were performed using mice C57BL/6N (Charles River Laboratories) according to the guidelines established by the
European Community Council (Directive 2010/63/EU of September 22nd,2010) and were approved by the Institutional Animal
Care and Use Committee (IACUC, permission number 467 and 565) of the Humanitas Research Hospital and by the Italian Ministry
of Health. Mice were housed in a Specific Pathogen Free (SPF) facility under constant temperature (22 + 1°C) and humidity (50%)
conditions with a 12 h light/dark cycle and were provided with food and water ad libitum. Pregnant females aged 3-6 months
were used for experiments, and male embryos (E16-E18) and offspring (age P15-P60) were selected for ex-vivo and in-vivo analysis.

Primary cultures and cell lines
Primary hippocampal neurons were established from E18 C57BL/6 mice as previously described (Pozzi et al., 2013). Briefly, hippo-
campal regions were isolated from the brain in HBBS 1X (Hank’s Balanced Salt Solution) (Life technology), 1% Pen/Strep, 10mM
HEPES) and, after trypsinization, they were dissociated and plated onto 24 mm-diameter round glass coverslips, previously coated
with 0.1% Poly-L-Lysine (Sigma-Aldrich) in Borate buffer (50 mM Boric Acid, 15 mM Borax) pH 8.5. 80000 cells were seeded onto
each coverslip. Cultures were grown in Neurobasal medium supplemented with 2% B27 and 1% Glutamax (Life Technology) at 37°C
and 5% CO,. Neurons were transfected with Lipofectamine 2000 (Life Technology) at 5 days in vitro (DIV) according to the manufac-
turer’s protocol, at the same age neurons were infected.

Neuro2a (N2A; ATCC® CCL-131) Neuroblastoma cell line was used to perform FACS experiments. N2A cells were cultured in com-
plete DMEM medium (Life Technology) supplemented with 10% FBS, 1% pen/strep; 1% Ultraglutamine (Life technologies) until
reaching the sub-confluence and then seeded in 60mm-diameter round dishes at 5x10"° density.

METHOD DETAILS

IL-6 and Poly(I:C) injection in dams

At gestational day 15, pregnant mothers were intraperitoneally (IP) injected with either 5 ng of IL-6, polyinosinic:polycytidylic acid
(Poly(I:C)) 2 or 20mg/kg. For the intraventricular injection, laparotomy was performed by injecting inject 1 ul of IL-6 at 10ng/ul directly
into the embryos lateral ventricles using the Nanoject Il Auto-Nanoliter Injector (Drummond, cat.# 3-000-204). Saline solution was
used as a control of injection. Only male embryos and offspring were selected for the ex-vivo and in-vivo analysis.

In utero electroporation

The pCAG-tdTomato and pCAG-PSD95.FingR-eGFP-CCR5TC (Plasmid #46295) constructs were electroporated in vivo as
described previously (Lodato et al., 2014). Briefly, 1 uL of purified plasmid DNA (1 pg/ul for pCAG-tdTomato and 0.8 ng/ul for
pCAG-PSD95.FingR-eGFP-CCR5TC) were mixed with 0.005% fast green in sterile PBS and was injected in utero into the lateral
ventricle of CD1 embryos at E14.5. Five 40-V pulses of 50 ms were delivered at 1 s intervals in an appropriate orientation across
the embryonic head using 1-cm-diameter platinum electrodes placed outside the uterus, using a CUY21EDIT square wave electro-
porator (Nepa Gene). Twenty-four hours after the surgery, pregnant females were injected with 5 pug of IL-6 or vehicle (saline solution).
Injected embryos were collected for perfusion and confocal imaging at P21.

Drugs and Reagents

According to the type of experiment, the following reagents have been used: IL-1B, TNFa, INFy, IL-6 (Peprotech), Poly(l:C) (Sigma-
Aldrich), Galiellalactone (BioAustralis), CCG-63802 (Sigma-Aldrich), Stattic, Bicuculline, 6-Cyano-7-nitroquinoxaline-2,3-dione
(CNQX), Tetrodotoxin (TTX), D-2-amino-5-phosphonovalerate (APV) (Tocris Bioscience).

Calcium imaging

Calcium imaging experiments were performed as previously described (Bedogni et al., 2016; Pozzi et al., 2013). Cultured neurons
were loaded with the calcium sensitive dye Oregon Green 488 BAPTA 1-AM (Molecular Probes) for 1 h at 37°C in Neurobasal Medium
and then imaged for calcium response. Electrical field stimulation was performed in KRH solution containing in mM: 125 NaCl; 5 KCI;
1,2 MgS04; 1,2 KH2PO4; 25 HEPES; 6 Glucose; 2 CaCl2; pH 7,4.in the presence of CNQX 20 uM, APV 50 pM and Bicuculline 20 uM
using a stimulation chamber (Warner Instruments, Hamden, CT). Electrical-evoked calcium transients were induced with a stimulus
train of 40 stimuli (duration 1 msec; amplitude 90 mA) at 20Hz as previously reported (Pozzi et al., 2013), using a train generation unit
(Digitimer Ltd, DG2A) connected to a stimulus isolation unit (SIU-102; Warner Instruments, Hamden, CT). Recording chambers were
placed on the stage of an IX-71 inverted microscope (Olympus, Hamburg, Germany) equipped with an EMCCD (electron-multiplying
CCD) camera (Quantem 512x512, Photometrics). lllumination was obtained using a light-emitting diode LED (Cairn research, Optoled
Lite), with a 20X objective. Regions of interest (ROIs) of about 15-pixel area were drawn on the cell cytoplasm of virtually all the cells in
the recorded field. About 20 cells for each Field Of View (FOV) and 3 FOV for each conditions. Time-lapse recording of calcium
dynamics was performed with an acquisition rate of 5 Hz for 600seconds and offline analyzed with MetaFluor software (Molecular
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Devices). Calcium responses were measure as AF (Fmax-F0) compared to the baseline (F0). All values were normalized to WT neu-
rons at the same developmental stage within the same experiment. Cumulative data were then analyzed through Kolmogorov-Smir-
nov statistic to verify non-parametric distribution.

Electrophysiology

Ex vivo acute hippocampal slices

C57BL6 male mice at P15 were deeply anesthetized with isofluorane at 4% by inhalation and decapitated. Brains were removed and
placed in ice-cold solution containing the following (in millimolar): 87 NaCl, 21 NaHCOS3, 1.25 NaH2PO4, 7 MgCI2, 0.5 CaCl2, 2.5 KCl,
25 D-glucose, and 7 sucrose, equilibrated with 95% 02 and 5% CO2 (pH 7.4). Coronal slices (300 um thick) were cut with a VT1000S
vibratome (Leica Microsystems) from medial Prefrontal Cortex (PFC). Slices were incubated at room temperature for atleast 1 h, in the
same solution as above, before being transferred to the recording chamber. During experiments, slices were superfused at 2.0 mL/min
with artificial cerebrospinal fluid (ACSF) containing the following (in millimolar): 135 NaCl, 21 NaHCO3, 0.6 CaCl2, 3 KClI, 1.25
NaH2PO4, 1.8 MgS04, and 10 D-glucose, aerated with 95% O2 and 5% CO2 (pH 7.4). Cells were examined with a BX51WI upright
microscope (Olympus) equipped with a water immersion differential interference contrast (DIC) objective and an infrared (IR) camera
(XM10r Olympus). Neurons were voltage (or current) clamped with a Multiclamp 700B patch-clamp amplifier (Molecular Devices,
Union City, CA) at room temperature. Low-resistance micropipettes (2-3 MQ) were pulled from borosilicate. The cell capacitance
and series resistance were always compensated. Experiments in which series resistance did not remain below 10 MQ (typically
5-8 MQ) were discarded. Input resistance was generally close to 100-200 MQ. Signals were low-pass filtered at 2 kHz, sampled at
10kHz and analyzed with Digidata 1440A (Molecular Devices). Recordings were made from cortical layer V pyramidal neurons. Excit-
atory and inhibitory synaptic basal transmission were recorded at —70 mV and +10 mV respectively in the presence of 1 uM TTX, using
the following pipette internal solution (in mM): 138 Cs-gluconate, 2 NaCl,10 HEPES, 4 EGTA, 0.3 Tris-GTP and 4 Mg-ATP (pH 7.2).
In vitro primary hippocampal neurons

Patch-clamp recordings were performed in an extracellular solution with the following composition (in mM): 130 NaCl, 5 KCl, 1.2
KH.POy4, 1.2 MgSOQ,, 2 CaCl,, 25 HEPES, and 6 Glucose, pH 7.4, with glass pipettes of 4-6 MQ as recording electrodes. mEPSCs
were recorded in the presence of bicucullin (20 uM), APV (50 uM) and tetrodotoxin (TTX; 1 mM) using the following internal solution (in
mM): 135 K-gluconate, 5 KCI, 2 MgCl,, 10 HEPES, 1 EGTA, 2 ATP, 0.5 GTP, pH 7.4. mIPSCs were recorded in the presence of 6-
cyano-7-nitroquinoxaline-2,3-dione (CNQX; 20 pM), (2R)-amino-5-phosphonovaleric acid (APV; 50 uM) and TTX (1 mM) using the
following internal solution (in mM): 68 K-gluconate, 68 KCI, 2 MgSQ,4, 20 HEPES, 2 ATP, 0.5 GTP, pH 7.2. Both mEPSCs and mIPSCs
were recorded at —70 mV as holding potential. Short term plasticity was evaluated through paired whole-cell recording as previously
described (Liu et al., 2014; Maximov et al., 2007) using the following internal solution (in mM): 135 K-gluconate, 5 KCI, MgCl,, 10
HEPES, 1 EGTA, 2 ATP, 0.5 GTP, and 10 QX-314, pH 7.4. Presynaptic stimulation was achieved through a bipolar electrode
(FHC, Concentric bipolar electrode Cat# CBAEC75) placed at 100-150 mm from the recorded neuron with 0,9 mA, 1 msec current
injection through a stimulus isolation unit (SIU-102; Warner Instruments, Hamden, CT). Electrical signals were amplified by a Multi-
clamp 200 B (Axon instruments), filtered at 5 kHz, digitized at 20 kHz with a DIGIDATA 1440 and stored with pClamp 10 (Axon
instruments). The resting potential was calculated at | = 0 in current clamp configuration, whereas input resistance was calculated
in voltage clamp configuration by using the slope of the I/V relationship of the steady state current measured at different hyperpola-
rizing voltage steps (from —100 to —70 mV). Only cells with an access resistance < 20 MQ were considered for the analysis of
mMEPSCs and mIPSCs, and < 10 MQ for the analysis of short-term plasticity. Access resistance was continuously monitored during
the experiment and those cells in which access resistance was changed of more than 10% were rejected. Cells with a leak current
above 100 pA were excluded from the analysis. The analysis of both mEPSC and mIPSC were performed with Mini analysis (Synap-
tosoft Inc., Fort Lee, NJ, USA) whereas the analysis of short-term plasticity was performed with Clampfit (Axon instruments).

Biochemistry

For total protein extraction, samples were homogenized using the following lysis buffer composed by 1% sodium dodecyl sulfate
(SDS), 10mM HEPES at pH 7.4 and 2 mM EGTA and protein concentration was estimated using Bicinchoninic Acid Assay (BCA)
kit (Thermo Fischer Scientific) as 20ng. Proteins were loaded with 2x Loading Buffer (100 mM Tris-HCl at pH 6.8; 4% SDS; 20% Glyc-
erol; 200 mM 2-Mercaptoethanol, 2 mg Bromophenol-Blue) and fractionated by SDS-PAGE, then transferred to a nitrocellulose
membrane using a transfer apparatus according to the manufacturer’s protocols (Bio-Rad). Membranes were stained with the
following primary antibodies: mouse anti-STAT3 (Cell Signaling, 1:1000), rabbit anti-STAT3 P-Tyrosine 705 (Cell Signaling,
1:1000), mouse anti-STAT3 P-Serine 727 (Cell Signaling, 1:1000), rabbit anti-GAPDH (Synaptic System, 1:4000), mouse anti-
PSD95 (UC Davis/NIH NeuroMab Facility, CA; 1:1000), guinea pig anti-VGLUT1 (Synaptic System, 1:1000), rabbit anti-Shank2/3
(Synaptic System, 1:1000), mouse anti-GAP43 (Millipore, 1:1000), rabbit anti-NFKB (Cell Signaling; 1:1000), rabbit anti-SNAP25
(Synaptic System, 1:1000), mouse anti-p65 (Cell Signaling; 1:1000). Immunodetection was performed with Clarity Western ECL Sub-
strate (Bio Rab) and analyzed through Chemidoc apparatus via ImageLab software (Bio-Rab).

Immunofluorescence analysis

Hippocampal slices

Mice at P15 and P30 were deeply anesthetized with chloral hydrate (4%; 1 ml/100 g body weight, i.p.) and transcardially perfused with
4% paraformaldehyde (PFA). Post-fixed brains were collected and immunohistochemistry was performed on 50 um hippocampal
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coronal sections with specific primary antibodies followed by incubation with the secondary antibodies. The following primary anti-
bodies were used: guinea pig anti-VGLUT1 (1:1500; Synaptic Systems); mouse anti-V-gat (Synaptic Systems, 1:1000), rabbit anti-
IBA (WAKO, 1:200), mouse anti-GFAP (Sigma-Aldrich, 1:400), guinea pig anti-NeuN (Synaptic System, 1:500), mouse anti-SATB2
(AbCam,1:100), rabbit anti-NeuroD2 (AbCam, 1:1500). Embryos’ brains (EB) were collected at GD16, 24 hours post mother injection,
and post-fixed with PFA 4% for 16 hours. EB were embedded in 4% Low-Melting Agarose and 40 um-thick slices were cut. Brain slices
underwent immunofluorescence staining against mouse anti-STAT3 (Cell Signaling, 1:1000). Secondary antibodies conjugated with
Alexa 488, Alexa-555, or Alexa-633 fluorophores (Invitrogen) were used. All slices were counterstained with Hoechst-33342 (Thermo-
Fisher) and mounted with Fluorsave (Calbiochem, San Diego, CA, USA).66z. Images were examined by means of a Zeiss LSM800 and
Leica Sp8 confocal microscope. For hippocampal slices analysis, single plane images were acquired in the stratum radiatum of the
CA1 subfield of the hippocampus using 40x oil immersion lens with an additional electronic zoom factor of up to 2. Voxel size is
0.05x0.05um and optical slice is Tum. VGLUT and Vgat area were calculated as the total area of the positive puncta within a selected
Region Of Interest (ROI), normalized to the total area of the ROI. At least four regions were analyzed for each section and three sections
were used for each animal. The analyzed regions of one animal were averaged and considered as single data point. For cortical slices
analysis, multiple plane images were acquired in the first oblique dendrite of somatosensory cortex neurons using the 63x oil immer-
sion lens with an additional electronic zoom factor of 2. Voxel size is 0.09x0.09x0.3um and optical slice is 0,9 um. The parameters of
acquisition (laser power, pinhole, gain, offset) were kept constant among groups.

Whole brain images were taken with DMi8 inverted light microscope equipped with ACS APO 10x dry objective (Leica Microsys-
tems, Solms,Germany). Image analyses were performed using Bitplane Imaris 7.4 software (Bitplane AG, Zurich, Switzerland) and
Fiji-lmagedJ software (NIH,Bethesda, MD, USA).

Hippocampal and cortical microglia morphology was assessed through the semi-automatic method 3DMorph (York et al., 2018), a
MATLAB-based software (Mathworks, Natick MA, USA) which enables a three dimensional morphological analysis of skeletonized
microglia present in tissue. Images were examined by means of a Leica Sp8 confocal microscope using a 40X oil immersion lens,
Voxel size is 0.28x0.28x0.7um and optical slice is 1,03 um. The parameters of acquisition (laser power, pinhole, gain, offset) were
kept constant among groups.

In vitro primary hippocampal neurons

Neuronal cultures were fixed in 4% PFA, 4% sucrose, 20 mM NaOH and 5 mM MgCI2 in PBS, pH 7.4, for 8 minutes at room tem-
perature (RT). Cultures were permeabilized and non-specific binding sites of proteins blocked with Goat Serum Dilution Buffer
(GSDB; 15% goat serum, 0.3% Triton X-100, 450 mM NacCl, 20 mM phosphate buffer, pH 7.4) for 30 minutes. The following primary
antibodies were used: guinea pig anti-VGLUT1 (Synaptic Systems, 1:1000), mouse anti-PSD95 (UC Davis/NIH NeuroMab Facility,
CA, 1:800), mouse anti-Beta Ill Tubulin (Promega Corporation, 1:800), rabbit anti-tubulin (Sigma-Aldrich, 1:80), rabbit anti-MAP2
(Millipore, 1:1000), mouse anti STAT3 (Cell Signaling, 1:1000), GEPHYRIN (Synaptic System, 1:500); VGAT (Synaptic System, 1:
500). Secondary antibodies conjugated with Alexa 488, Alexa-555, or Alexa-633 fluorophores (Invitrogen) were used. Roughly 20 im-
ages from each experimental condition/ independent experiment (neuronal culture) were analyzed. The operator - blind to the sample
treatment - measured the number of pre- and postsynaptic positive juxtaposed puncta formed on one selected segment of the prox-
imal dendrite for each image. The number of dendrites represents the number of neurons analyzed in at least 3-4 independent ex-
periments. The average of all analyzed neurons in each independent experiment was considered for the statistics. Images were
acquired using a Leica SP8I confocal microscope equipped with an ACS APO 40x or 63x oil immersion objective.

Nissl staining

Brains were perfused with 4% PFA and 50 um thick coronal slices were obtained at the vibratome. Slices were mounted on charged
coverslips and let dry overnight. They were then re-hydrated with an alcohol scale from 100% to water and subsequently stained for
5 minutes in a 0.1% cresyl violet solution. Afterward, slices were differentiated again in alcohol 95% for 5 minutes according to the
intensity of the staining, de-hydrated in alcohol 100% and a subsequently fixed with a xylene-based medium. Images were taken at
BX61VS Olympus microscope using a 10x/0,40 UPlanSApo objective.

Lentiviral infection

Lentiviral particles (> 108 TU/ml) were purchased from Vector Builder (Vector Builder Inc, USA). Lentivirus was designed using the
following target sequences: IL6R-shRNA CGAAGCGTTTCACAGCTTAAA; Scrambled-shRNA CCTAAGGTTAAGTCGCCCTCG un-
der U6 promoter. The vector also expresses EGFP under hPGK promoter to visualize transduced cells. Cultured neurons were
infected with 7 MOI (multiplicity of infection) of lentiviral particles at 5 DIV and analyzed at 14 DIV.

ELISA
ELISA assay was performed on extracellular media collected from primary neurons at 7, 14 and 30 DIV and from confluent Raw264.7
cell cultures. Anti-mouse IL-6Ra ELISA Kit (R&D cat DY1830) was used according to the manufacturer’s protocol.

Magnetic resonance imaging

N = 16 mice (9 IL-6 and 7 vehicle control) underwent MRI to study the functional connectivity and white matter integrity of the entire
brain. During the imaging sessions, the experimenters were blinded to the group. Data collection was performed on a Biospec 70/16
small animal MRI system (Bruker BioSpin) equipped with a cryogenic quadrature surface coil (Bruker BioSpin). For the detection of
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rs-fMRI we used a standard echo-echo gradient echo imaging sequence (GE-EPI, repetition time TR = 1 s, echo time TE = 15 ms,
resolution in the plane RES = 0.22 x 0, 2 mm?2, number of slices NS = 20, slice thickness ST = 0.4 mm, slice spacing SS = 0.1 mm, 900
volumes, sampling time = 15 min). In addition, diffusion-weighted images (DWI) were used to evaluate the structural integrity of the
white matter (EPI spin echo multishot sequence, 4 segments, TR=2s, TE=22ms, RES=0.2 x 0.2 mm?, NS =28, ST=0.4mm, SS =
0 mm, values b = 0-1000 s / mm2, coding 94 directions, acquisition time = 9 min).

During MRI, the degree of anesthesia and the physiological parameters of the mouse were monitored according to a defined pro-
tocol to obtain a reliable measure of functional connectivity (Grandjean et al., 2014; Zerbi et al., 2015). Briefly, anesthesia was initiated
with 4% isoflurane and the animals were intubated endotracheally and the tail vein was cannulated. The mice were placed on a
compatible MRI base and artificially ventilated with 80 breaths / min, 1: 4 O2 / air ratio and 1.8 mL / h (CWE) flow. A bolus injection
of medetomidine 0.04 mg / kg and pancuronium bromide 0.05 mg / kg was given and isoflurane was reduced to 1%. After 5 minutes,
an infusion of medetomidine at 0.09 mg / kg / h and pancuronium bromide at 0.15 mg / kg / h were administered and the isoflurane
was further reduced to 0.5%. The temperature of the animals was monitored using a rectal thermometer probe and kept in the cradle
at 36.5°C + 0.5 during measurements with a water heating system.

Resting-state fMRI

The datasets were preprocessed using an existing pipeline to eliminate unwanted time-series confusion, according to the guidelines
of the Human Connectome project adapted to the mouse (Zerbi et al., 2015). In short, each rs-fMRI dataset was entered into
MELODIC (Multivariate Exploratory Linear Optimized Decomposition of Independent Components; Beckmann and Smith, 2004)
to perform an independent component analysis (ICA, number of components set to 60). This included the correction and regression
of head movement and in-plane smoothing with a 0.3 x 0.3 mm kernel. We used FSL-FIX for the removal of the variance of artifact
components. The artifact-corrected datasets were then band-pass filtered (0.01-0.25 Hz), normalized in a GE-EPI study-specific
template, and then to the Allen Common Coordinate Framework Version (CCF, v3) with Advanced Normalization Tools (ANTs
v2.1; http://picsl.upenn.edu/software/ants/). To further correct for differences in anesthesia dose, functional connectivity data
were adjusted taking into account body weight as a covariate.

Diffusion MRI

For diffusion MRI, the preprocessing steps consisted of individual realignment of the diffusion images, followed by eddy current correc-
tion and tensor estimation as in Zerbi et al. (2013a). From the eigenvalues of the diffusion tensor, fractional anisotropy (FA), mean diffu-
sivity (MD), and first eigenvalue (A1) maps were calculated. The resulting volumes were spatially normalized to the Allen CCF template
using linear affine and nonlinear elastic transformations in ANTs and thereafter FA, MD, and A1 values were extracted from seven major
white matter structures: anterior commissure, fimbria, corpus callosum, fornix, cingulum, internal capsule, and cerebral peduncle.

Behavioral analyses

Animals were kept under a light-dark cycle (12 light-12 dark) in a temperature and humidity controlled room. Room lights were low
during all procedures. A camera was mounted above the arena and object exploration was tracked using a computer running the
Smart Software (Panlab, Harvard Apparatus). Only males were used in these studies.

Open Field Analysis

For the open field, each subject was gently placed in the center of the open field and allowed to explore freely all the arena for 10 min.
At the end, the animal was removed and the arena cleaned with 70% ethanol and dried before testing the next animal. Locomotor
activity was indexed as the distance spent in center, periphery and total distance traveled.

Elevated plus maze

The Elevated Plus Maze (EPM) was conducted as previously described (Hagenbuch et al., 2006). Mice were allowed to freely explore
the entire apparatus for 5 min. The percentage of time spent in the arms was scored as measure of anxiety-related behavior. The arm
entry was defined as having all four paws into the arm of the EPM.

Object location Recognition and Novel Object Recognition test

The test was performed in the open-field apparatus. This test was used to assess short-time memory retention. Between trials, the
objects and the box were cleaned with 70% ethanol. Mice were first habitued to an open field chamber by allowing free exploration of
an empty chamber for 5 min. The Oject location and Novel object recognition test included three sessions. In the first session, two
identical objects were placed in the testing arena and each mouse was allowed to explore the objects for 10 minutes to facilitate the
familiarization. These objects presented similar textures, colors and sizes. One hour later, one of the identical objects was displaced
and the mouse was placed back into the chamber and allowed to explore objects for 10 min (Object location Recognition phase).
Lastly,1 hour later, the mouse was returned for 10 min in the chamber where a novel object replaced one of the 2 identical familiar
objects (Novel Object Recognition Phase). The amount of time the mouse spent physically investigating each of the objects was
manually determined for all the trials and was used to calculate the discrimination index.

Luciferase assay

To monitor the transcriptional activity of STAT3 cultured neurons were transduced using Cignal Lenti STAT3 reporter Kit (QIAGEN) at
3 DIV and exposed to IL-6 and Galiellalactone for 48 hours at 10 DIV. Neurons were then processed according to manufacturer’s
instructions and Firefly luciferase activity was detected with Luciferase assay system (Promega) and Synergy H2 (Biotek).
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Quantitative RT-PCR

Cultured neurons were homogenized prior to RNA extraction in 500 pL of TRI-reagent (Zymo research). Total RNA was isolated using
the RNA Direct-Zol MiniPrep Isolation Kit (Zymo research) according to the manufacturer’s guidelines. The RNA was eluted in 25 pL
DNase/RNase-free water, quantified using NANOdrop 2000c spectrophotometer (Thermo Fisher Scientific) for RNA concentration
and 260/280 nm optical density ratios. Reverse transcription was performed using 1 ng RNA with a High Capacity cDNA RT kit
(Applied Biosystems). Quantitative real-time polymerase chain reaction (QRT-PCR) was performed with either Sybr Green detection
kit (SensiFAST SYBR Lo-ROX, Bioline) or TagMan detection kit (TagMan Fast Universal PCR Master Mix(2x), no AmpErase UNG,
ThermoFisher) with RT-PCR Viia7 software system (Applied Biosystems) in a final volume of 10 ul. Each gene was subjected to at
least duplicate measurements and data analyses were performed with the comparative AACt method. The RNA transcripts were
normalized against gapdh and actin3 as indicated. The following Sybr oligos were used: gapdh Fw: TTCCAGAGGGGCCATCCACAG,
Rv: GGTCACCAGGGCTGCCATTTG; actin Fw: GCCATCCTGCGTTCTGGA, Rv: GCTCTTCTCCAGGGAGGA; Rgs4 Fw: GTCGGAA
TACAGCGAGGAGAAC, Rv: GGAAGGATTGGTCAGGTCAAGATAG; Stat3 Fw: CCATGCTGAGCATCGAGCAGCTGACA; Rv: TCA
CACAGATGAACTTGGTCTTCAGG. The following TagMan primer were used: NOS2 Mm00440502_m1; /[L6ra Mm01211445_m1;
IL6st MmM00439665_m1; /L6 Mm00446190_m1; IL1a Mm00439620_m1; TGFb1 Mm03024053_m1; IL70 Mm00439616_m1; Mouse
GAPD(GAPDH) Endogenous Control.

Fluorescence Activated Cell Sorting (FACS) analysis

The day after plating N2A were co-transfected according to three experimental conditions with the following plasmids: 1) pPCDNA 3.1
EGFP; 2) pCDNA 3.1 EGFP + pCDNA 3.1 myc 768-STAT3 Y795E; 3) pCDNA 3.1 EGFP + pCDNA 3.1 myc 768-STAT3 Y705F and
maintained for 6 hours in the transfection medium. After 24 hours, they were gently detached with Accutase solution (Sigma-Aldrich)
for 3 minutes at 37°C, centrifuged at 500 rcf. for 10 minutes and then sorted out by means of BD FACS Melody cell sorter (BD, Bio-
sciences). GFP positive (+) and GFP negative (-) cells were collected for each condition, lysed with TRI-Reagent and subsequently
processed for total RNA extraction and gRT-PCR.

Single cell sequencing

Sample preparation

Embryonic hippocampi (Hps) form control embryos or upon IL-6 injection (n = 5 embryos per sample) were rapidly microdissected and
pooled together in ice cold dissecting medium (HBSS supplemented with 9,9 mM HEPES pH 7,3) under microscopic control. Dissected
Hps were settle down by gravity to aspirate the dissection medium and dissociated to obtain single cell suspension using Papain Disso-
ciation System kit (Worthington, cat#LK003150) following the manufactured instructions. Dissociated Hps were finally centrifuged at
280 g for 5 minutes and resuspended in PBS —/— with 0.04% BSA (Sigma Aldrich). Next, 10 uL of single cells suspension was mixed
with 10 L of trypan blue and automatically counted using Countess 3 Automated Cell Counter (Invitrogen, cat#AMQAX2000).

Primary hippocampal neurons untreated and treated with IL-6 (10ng/ml at 1 DIV and 4 DIV) were collected at 5 DIV using Accutase
solution (Sigma-Aldrich) and resuspended in 1ml of PBS —/— with 0.04% BSA (Sigma Aldrich), centrifuged at 450 rcf. for 7min and
washed twice with PBS—/— with 0.04% BSA. After the second wash, cells were resuspended in 30 ul and counted using Countess 3
Automated Cell Counter (Invitrogen, cat#AMQAX2000.

For both samples, ~5,000 cells were loaded into one channel of the Single Cell Chip A for each sample using the Single Cell 3’ v2
single cell reagent kit (10X Genomics) for Gel bead Emulsion generation into the Chromium system. Following capture and lysis,
cDNA was synthesized and amplified for 14 cycles following the manufacturer’s protocol (10X Genomics). 50 ng of the amplified
cDNA were then used for each sample to construct lllumina sequencing libraries. Sequencing was performed on the NextSeg500
lllumina sequencing platform following 10x Genomics instruction for reads generation.

Single cell mapping and clustering

Raw sequencing data (bcl-files) were converted to fastq files with lllumina bcl2fastq tool, integrated into the CellRanger (10X Geno-
mics) suite (version 2.1.1). The CellRanger analysis pipeline was used to generate a digital gene expression matrix staring from raw
data. Pre-build mouse genome (version mm10-1.2.0) was used as genome reference. CellRanger count module was used to map
reads with default settings setting and sequence length set to r1-length = 26 and-r2-length = 50. At least 90,000 reads per cell
were produced for primary hippocampal neurons and 50,000 reads/cells for the in vivo hippocampi. The raw digital gene expression
matrix (UMI counts per gene per cell) was imported in R (https://www.R-project.org/) version 3.5.2 using Seurat R package (Butler
et al., 2018). Briefly, UMI counts per gene per cell for each biological replicate was imported in Seurat. Initial quality control in each
biological replicate was assessed, by filtering out cells meeting any of the following criteria: less than 200 or more than 10,000 unique
genes expressed, more than 50,000 UMlIs, or more than 15.0% of reads mapping to mitochondria (Figure S2C). Data was normalized
through a global-scaling method, converted by a scale factor (10,000 by default) and log-transformed. Scaling the data and removing
unwanted sources of variation was applied through ScaleData Seurat function. Detection of variable genes across the single cells in
each sample was performed. The resulting gene list was used to perform a canonical correlation analysis (CCA) using the first 30
canonical vectors. After aligning subspaces, clustering was performed through FindClusters function, using the first 20 dimensions.
Uniform Manifold Approximation and Projection (UMAP) dimensional reduction was computed with RunUMAP function.

For the single cell experiment on embryonic hippocampi, clusters were annotated based on markers available in the literature
(Zhong et al., 2020). Marker genes for each cluster were defined with the function FindAllMarkers with parameters min.pct = 0.25
and test.use = wilcox.
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For the single cell experiment on primary hippocampal neurons, cluster enrichment was determined by running AddModulescore
Seurat function using top signature genes form the in vivo single cell experiment and additional markers from the literature (Cahoy
et al., 2008; Cembrowski et al., 2016; Lein et al., 2007).

Promoter sequence analysis
The bioinformatic prediction for transcription factor binding sites in RGS4 promoter region was performed using JASPAR database
(http://jaspar.genereg.net/) (Khan et al., 2018; Sandelin et al., 2004)

Single cell markers identification and differential expression

We identified markers specific to each cluster using FindAllIMarkers Seurat function with the following settings (only.pos = TRUE,
min.pct = 0.05 or 0.20, thresh.use = 0.05 or 0.10 respectively for in vitro and in vivo experiments). To identify differentially expressed
genes within the same cluster in different experimental conditions and between different clusters in the same experimental condition,
we used MAST (Finak et al., 2015) or Wilcoxon algorithms implemented in Seurat FindMarkers function with an FDR cut-off of 0.05
and a logfc.threshold = 0.10 (in vivo) or 0.2 (in vitro). Gene onthology analysis of biological processes (BP) enrichment was performed
with clusterProfiler R package (Yu et al., 2012) and summarized with Revigo web server (Supek et al., 2011) to remove redundant
GO:BP terms.

QUANTIFICATION AND STATISTICAL ANALYSIS

The numerical data shown in the figures are presented as means + SEM. The normal distribution of experimental data was assessed
using Kolmogorov Smirnov and Shapiro-Wilk normality tests. If not specifically indicated, to compare two normally distributed sam-
ple groups, the Student’s unpaired two-tailed t test was used. To compare two sample groups that were not normally distributed, we
used Mann-Whitney’s non-parametric test. To compare more than two normally distributed sample groups, we used one ANOVA,
followed by Tukey’s multiple comparisons test. To compare more than two groups that were not normally distributed, we used one
One-way ANOVA on ranks followed by Dunn’s multiple comparison test. One sample t test or Wilcoxon Signed Rank Test were used
in some experiments to analyze normally distributed or not normally distributed dataset, respectively. Statistical analysis was per-
formed by using SigmaPlot (Systat), GraphPad (Prism) or OriginPro (OriginLab) software.
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