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Parvalbumin-positive (PV*) interneurons play a critical role in maintaining circuit rhythm in the brain, and their
reduction is implicated in autism spectrum disorders. Animal studies demonstrate that maternal immune activation
(MIA) leads to reduced PV* interneurons in the somatosensory cortex and autism-like behaviors. However, the
underlying molecular mechanisms remain largely unknown. Here, we show that MIA down-regulates microglial
Gpr56 expression in fetal brains in an interleukin-17a-dependent manner and that conditional deletion of microglial
Gpr56 [Gpr56 conditional knockout (cKO)] mimics MIA-induced PV* interneuron defects and autism-like behaviors
in offspring. We further demonstrate that elevated microglial tumor necrosis factor-a expression is the underlying
mechanism by which MIA and Gpr56 cKO impair interneuron generation. Genetically restoring Gpr56 expression
in microglia ameliorates PV* interneuron deficits and autism-like behaviors in MIA offspring. Together, our study
demonstrates that microglial GPR56 plays an important role in PV* interneuron development and serves as a salient

target of MIA-induced neurodevelopmental disorders.

INTRODUCTION

In the adult neocortices of humans and mice, about 20% of cortical
neurons are y-aminobutyric acid-containing inhibitory interneu-
rons (1, 2). Cerebral interneurons provide the main cortical inhibi-
tory input and are essential for the functional rhythms and activity
of neural circuits in the cortex (3). Disrupting interneuron number
and function causes neurological and psychiatric disorders, includ-
ing autism spectrum disorder (ASD) (4, 5). Reduction or dysfunc-
tion of one main type of interneurons, parvalbumin-positive (PV™)
interneurons, leads to ASD in humans and autism-like behaviors in
rodents (4, 6). Moreover, maternal immune activation (MIA) has
been linked to abnormal neurodevelopmental disorders in both hu-
mans and mice (7, 8), with a decreased density of cortical PV" inter-
neurons as a common underlying mechanism (6, 9, 10).

Most, if not all, cortical interneurons are derived from three pro-
genitor regions in the embryonic subpallium, the medial ganglionic
eminence (MGE), the caudal ganglionic eminence (CGE), and the
preoptic area (POA) (1). MGE development—regulated by transcrip-
tion factors like Nkx2.1, Lhx6, Lhx8, and Sox6—gives rise to most
PV and somatostatin-positive (SST") cortical interneurons. CGE and
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POA generate reelin-, calretinin-, and vasoactive intestinal peptide-
positive cortical interneurons (I). MGE neurogenesis occurs in a
temporal manner, producing more SST" interneurons in early stage
[embryonic days 10 to 13 (E10 to E13)] and more PV" interneurons
in mid- (E13 to E15) and late stage (E15 to E18) (11, 12). However, it
is unclear how MIA adversely affects PV" interneuron development.

Microglia, the brain-resident tissue macrophages, are the primary
innate immune cells in the brain parenchyma. They are yolk sac-
derived myeloid cells that enter the brain as early as E8.5/E9.5 in mice
(13). In addition to their immune functions, which include immune
surveillance and pathogen response (14), microglia regulate brain
developmental processes such as myelination (15), neurogenesis (16),
synaptogenesis (17), neuronal survival (18), and synaptic pruning (19).

We reasoned that fetal microglia could be the cellular targets of
MIA during cortical interneuron development. First, microglia popu-
late the fetal brain at the onset of mouse brain development (20).
Second, rodent MIA models demonstrate that MIA induces a pro-
inflammatory response in fetal microglia, including increased cyto-
kine expression and less ramified morphology (21, 22). Third,
microglial activation contributes to neurodevelopmental disorders,
such as ASD (23). Last, microglia regulate cortical interneuron de-
velopment, as ablation of microglia impairs cortical positioning of
interneuron subsets in the mouse cortex (24).

G Protein-Coupled Receptor 56 (GPR56), also known as adhesion
G protein-coupled receptor G1 (ADGRG1), is an adhesion G protein-
coupled receptor. It is one of the critical genes that define yolk sac-
derived microglia: Gpr56 is only expressed in yolk sac-derived microglia,
but not in fetal liver- and bone marrow-derived microglia-like cells,
even after long-term adaptation in the central nervous system in vivo
(25). In mice, Gpr56 transcripts are detected in microglia as early as
E10.5 and markedly increase at E14.5 to eventually reach adult levels
during the early postnatal stage (19, 26). The expression of microglial
Gpr56 in adult mice down-regulates in response to immune challenge
(27, 28). However, it is unknown whether fetal microglial Gpr56 is
down-regulated by immune activation.
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In this study, we tested the hypothesis that microglial Gpr56 is
mechanistically involved in MIA-induced PV" interneuron reduc-
tion and autism-like behaviors. Using a mouse MIA model, conditional
deletion and restoration of Gpr56 in microglia, ex vivo embryonic
brain slice culture model, and behavior assays, we provided evidence
supporting our hypothesis and further demonstrated that elevated
tumor necrosis factor-o underlines MIA- and microglial Gpr56
deletion-induced PV" interneuron impairment.

RESULTS

MIA down-regulates fetal microglial Gpr56 expression

in an IL-17a-dependent manner

MIA causes neurodevelopmental abnormalities in offspring through
maternal interleukin-17a (IL-17a) (7, 29). However, the underlying
cellular and molecular targets in the fetal brain remain unknown.
Encoded by one of the genes that define yolk sac—derived microglia
(25, 30), the investigation into the function of GPR56 in microglia
in the developing brain is gaining interest (19). RNA sequencing data
from late B. Barres laboratory show that lipopolysaccharide-induced
neuroinflammation down-regulates Gpr56 expression in adult micro-
glia (27). We hypothesize that microglial GPR56 is the molecular
target of MIA in the fetal brain by acting downstream of IL-17a.

To test this hypothesis, we first investigated whether MIA down-
regulates microglial Gpr56 expression in the fetal brain by induction
of MIA at E12.5, a developmental stage when maternal inflamma-
tion leads to neurodevelopmental abnormalities, including inter-
neuron deficits and autistic behaviors in offspring (6, 7, 29). We
intraperitoneally injected synthetic double-strand RNA, polyinosinic:
polycytidylic acid [poly(I:C)], which mimics viral infection, to preg-
nant mice at E12.5 to induce MIA (Fig. 1A). We observed a signifi-
cant elevation of maternal serum IL-6 concentration at 3 hours and
IL-17a at 48 hours (E14.5) after poly(I:C) injection compared to those
injected with phosphate-buffered saline (PBS) (Fig. 1, B and C),
confirming that we had successfully induced MIA in our mouse
model (7). We then examined Gpr56 mRNA expression in microglia
isolated from E14.5 fetal brains of control and MIA animals (Fig. 1D).
As expected, we saw a significant down-regulation of Gpr56 in
microglia isolated from MIA fetuses compared to controls (Fig. 1E),
while the mRNA expression of Gpr56 in nonmicroglial fetal brain
cells including neural progenitor cells and postmitotic neurons was
comparable between the two groups (Fig. 1F).

Next, we examined whether MIA-induced microglial Gpr56 down-
regulation is mediated by maternal IL-17a by injecting anti-IL-17a-
neutralizing antibodies 6 hours before poly(I:C) injection (Fig. 1A).
We saw a significantly attenuated Gpr56 down-regulation in E14.5
microglia isolated from MIA fetuses whose mothers were pretreated
with IL-17a-neutralizing antibodies compared to those who received
immunoglobulin G2a (IgG2a) isotype control antibodies (Fig. 1E).
Together, our results support the hypothesis that microglial Gpr56
serves as a molecular target of MIA by acting downstream of IL-17a.

Deleting microglial Gpr56 mimics MIA-induced PV*
interneuron reduction in the neocortex

To further establish the role of microglial GPR56 in interneuron
development, we investigated the brain phenotype of microglial
Gpr56 knockout mice. We chose Cx3cr1“"* mice as the microglia-
specific Cre driver based on the following reasoning: (i) Cx3cr1°"/*
induces Cre recombination specifically in myeloid cells (19), and
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(ii) Gpr56 is restrictively expressed in microglia, but not in macro-
phages (25, 30). We used Gpr56"%; Cx3cr1"*/* as conditional knock-
out (cKO) and Gpr56™*; Cx3cr1“* as controls.

We detected a significant decrease in PV* interneurons in the
somatosensory cortex (SSC) of both juvenile [postnatal day 21 (P21)]
and adult (3 months old) Gpr56 cKO mice compared to controls
(Fig. 2, A and B), similar to the phenotype reported in MIA offspring
(6, 9, 10). The decrease in PV" interneurons was also detected in the
primary auditory cortices of P21 Gpr56 cKO mice (fig. S1A). We did
not observe any PV" interneuron deficits in other brain regions, in-
cluding the hippocampus, striatum, and cingulate cortex (fig. S1, Bto D),
nor in other types of interneurons, including SST”, reelin”, and cal-
retinin” interneurons (fig. S2, A to C). Next, we examined the distri-
bution and density of special AT-rich sequence-binding protein 2
(SatB2)-positive excitatory neurons in the SSC and saw no difference
in their densities and distribution between Gpr56 cKO and control
mice (fig. S2D). Together, we concluded that deleting microglial Gpr56
recapitulates PV interneuron deficits associated with MIA (6).

Our above observation begs the question whether the decreased
PV" interneuron density is a result of impaired PV protein expression.
To answer this question, we performed staining with fluorescein-
conjugated Vicia Villosa agglutinin (VVA), a lectin labeling the
perineural network around most cortical PV* interneurons inde-
pendent of PV expression (31). We detected a comparable percentage
of PV" VVA" interneurons in Gpr56 cKO mice and controls (Fig. 2C),
suggesting a decrease in the cell number other than PV expression
in the setting of microglial Gpr56 deletion.

Both cortical PV" and SST* interneurons express LIM homeobox
6-positive (Lhx6") into adulthood (32). We performed triple immuno-
histochemistry (IHC) of Lhx6, PV, and SST. We detected a signifi-
cant reduction in the number of Lhx6" cells and Lhx6 PV cells in the
SSC of Gpr56 cKO mice compared to the controls (Fig. 2, D and E).
On the other hand, Lhx6"SST* and Lhx6*SST PV cell numbers were
comparable between Gpr56 cKO mice and controls (Fig. 2, D and E).
In summary, our study results support the idea that deleting microglial
Gpr56leads to a decrease in the number of PV* interneurons.

Deleting microglial Gpr56 decreases PV* interneurons born
atE14.5 and E15.5

To study whether a temporal factor is involved in Gpr56 cKO-
induced PV" interneuron reduction, we performed a fate-mapping
experiment by injecting 5-ethynyl-2’-deoxyuridine (EdU) at either
E12.5, E14.5, or E15.5 followed by quantification of PV"EdU" inter-
neurons in the SSC at P21 (Fig. 3). We found that EdU-labeled PV*
interneurons were mostly distributed in layer V/VI of the SSC of
control mice when injected at E12.5, in layer IV/V when injected at
E14.5, and in layer II/III and upper layer IV when injected at E15.5
(Fig. 3, B, E, and H), consistent with previous reports (12, 33). The
density of PV'EdU" interneurons in the SSC was comparable between
controls and Gpr56 cKO mice when EdU was injected at E12.5
(Fig. 3, B and C) but significantly reduced in Gpr56 cKO mice when
EdU was injected at E14.5 and E15.5 (Fig. 3, E, F, H, and I). Together,
our study results indicate that microglial Gpr56 deletion affects PV*
interneuron development in a temporal manner.

Microglial Gpr56 cKO affects mid- and late-stage progenitor
proliferation in the MGE

To investigate the cellular mechanism underlying PV" interneuron
deficits, we first examined the potential role of microglial Gpr56 in
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Fig. 1. MIA down-regulates microglial Gpr56 expression in fetal brains in an IL-17a-dependent manner. (A) A schematic timeline for MIA induction. (B) Serum
concentration of IL-6 was significantly up-regulated at 3 hours after poly(l:C) injection and went back to baseline 48 hours later at E14.5 (n =5). (C) Serum concentration of
IL-17a was significantly up-regulated at E14.5 48 hours after poly(I:C) injection (n = 5). (D) Fluorescence-activated cell sorting (FACS) strategy to collect CD11b*CD45™edum
microglia and CD11b"CD45" cells as nonmicroglial cells. (E) Relative levels of Gpr56 mRNA in microglia isolated from E14.5 fetal brains whose mothers were treated with
PBS (n=6), poly(l:C) (n=5), IgG2a isotype control antibodies and poly(l:C) (n =5), and IL-17a antibodies and poly(:C) (n = 6). (F) Relative levels of Gpr56 mRNA in nonmi-
croglia cells isolated from E14.5 fetal brains. PBS versus poly(l:C): P=0.55; IgG2a + poly(l:C) versus IL-17a antibodies + poly(l:C): P=0.69. Unpaired Student’s t test. n.s., not

significant. *P < 0.05 and ***P < 0.001. Data presented as means + SEM.

cell death. We used cleaved caspase 3 to label apoptotic cells at P1,
known as the starting time point of interneuron apoptosis, and at
P10, a time point with high interneuron apoptosis (34), in the SSC
region. We observed a comparable number of apoptotic cells between
control and microglial Gpr56 cKO mice at both time points (fig. S3).

Next, we investigated the role of microglial Gpr56 in MGE pro-
genitor proliferation by sequential labeling with EAU and 5-bromo-
2’-deoxyuridine (BrdU). We examined early neurogenesis by
intraperitoneally injecting EAU to pregnant dams at E11.5 and BrdU
at E12.5. The fetal brains were collected at E13.5 and subjected to
triple IHC with EdU, BrdU, and the MGE marker NK2 homeobox
1 (Nkx2.1) (Fig. 4A). The percentage of both EdU-labeled and EAU/
BrdU double-labeled Nkx2.1 cells was comparable between control
and cKO mice, suggesting no difference in MGE proliferation
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between control and Gpr56 ¢cKO mice during E11.5 to E13.5 (Fig. 4,
B to D). To investigate the role of microglial GPR56 in mid-stage neu-
rogenesis in the MGE, we examined MGE proliferation from E14.5
to E16.5 by injecting EAU at E14.5 and BrdU at E15.5 and collecting
the fetal brains at E16.5 (Fig. 4E), while in late-stage neurogenesis,
we examined MGE proliferation from E15.5 to E17.5 by injecting EAU
at E15.5 and BrdU at E16.5 and collecting at E17.5 (Fig. 4I). Excit-
ingly, we found a significantly decreased percentage of Nkx2.1"EdU"
cells and Nkx2.1"EdU"BrdU" cells in Gpr56 cKO mice at both time
points (Fig. 4, F to H and ] to L), suggesting that microglial Gpr56
deletion impairs progenitor proliferation during mid- and late-stage
MGE neurogenesis.

We questioned whether MIA has a similar impact on neuro-
genesis in the MGE. To address this question, we induced MIA by
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Fig. 2. Deleting microglial Gpr56 mimics MIA-induced PV* interneuron reduction in the SSC. (A and B) The density of PV* interneurons is significantly decreased in
the primary SSC of microglial Gpr56 cKO mice at P21 and 3 months old [(A) n=4in control and n =5 in cKO; (B) n = 5]. DAPI, 4',6-diamidino-2-phenylindole. (C) Representative
images of VVA and PV double labeling. The percentage of PV and VVA double-positive cells are comparable in the SSC of control and microglial Gpr56 cKO mice (86%
versus 89%; n = 3, P=0.50). (D) Representative images of Lhx6, PV, and SST immunostaining. Arrows show Lhx6"PV* cells, and arrowheads indicate Lhx6"SST" cells. (E) Bar
graph depicting the composition of Lhx6"PV~SST~, Lhx6"PV*, and Lhx6*SST" cells in the SSC. The densities of Lhx6"PV~SST~ and Lhx6*SST" cells are comparable between
control and Gpr56 cKO mice (P=0.53 and P=0.80). The densities of Lhx6" cells and Lhx6*PV* cells are significantly decreased in Gpr56 cKO mice compared to controls.
n=4in control and n = 3 in cKO. Two-way analysis of variance (ANOVA) and post hoc Bonferroni’s test for (A) and (B). *P < 0.05 and ***P < 0.001. Unpaired t test for (C) and
(E). CR versus cKO for (E) in the density of Lhx6™ cells (*P < 0.05) and Lhx6"PV* cells (##P < 0.01). Data are presented as means + SEM.
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Fig. 3. Deleting microglial Gpr56 impairs mid- and late-born PV* interneurons
in the MGE. (A) The experimental design to investigate the PV* interneuron lineage
born at E12.5, the early-stage neurogenesis. (B) Representative images of EdU and
PV staining in the SSC of Gpr56 cKO mice and controls. (C) A bar graph showing no
significant difference in the number of PV*'EdU" cells between control and Gpr56
cKO mice (P=0.13); n=61in control and n=7in cKO. (D and G) The experimental
design to evaluate the PV* interneuron lineage born at E14.5 and E15.5, the mid-
and late-stage neurogenesis. (E and H) Representative images of EAU and PV stain-
ing in the SSC of Gpr56 cKO mice and controls. (F and 1) Bar graphs showing the
number of PV*EAU™ cells is significantly decreased in the SSC of microglial Gpr56
cKO mice when EdU was injected at E14.5 or E15.5. [n=5 and 4in (D) to (F); n=6
and 5in (G) to (I)]. White arrows indicate PV'EdU™ cells. Unpaired t test. *P < 0.05
and **P < 0.01. Data are presented as means + SEM.
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injecting poly(I:C) at E12.5, followed by sequential EAU and
BrdU labeling at E14.5 and E15.5, as described above (Fig. 4M). We
saw a significant decrease in MGE progenitor proliferation in
MIA fetal brains, consistent with our results in Gpr56 cKO mice
(Fig. 4, N to P), indicating that MIA impairs neurogenesis in
the MGE of offspring in a similar manner as deleting microglial
Gpr56.

Deleting Gpr56 in microglia leads to decreased microglia
density and ramification in the MGE and elevates microglial
TNFo mRNA expression

Our study results thus far indicate that microglial GPR56 is important
for the development of PV interneurons. To test the role of GPR56
in microglial function, we first examined microglial cell number
and morphology in the E16.5 MGE of Gpr56 cKO and control mice
with IHC of ionized calcium-binding adaptor molecule 1 (Ibal),
which labels microglia and macrophages and provides excellent
visualization of microglial morphology (35). We observed a signifi-
cant decrease in the density of microglia in the MGE of Gpr56
cKO mice (Fig. 5, A and B). Three-dimensional reconstruction of
microglia showed that the length and number of branches, as well as
the cell volume, were significantly reduced in microglia in the MGE
of Gpr56 cKO mice compared to controls (Fig. 5, A and C to E).
Furthermore, Sholl analysis confirmed less ramified microglial
morphology in the MGE of Gpr56 cKO mice compared to controls
(Fig. 5, A and F).

Cytokines and growth factors are key modulators in neurogenesis
(36). Notably, microglia-specific cKO of Ras homolog family member A
(RhoA) increases TNFa expression in microglia (37). Furthermore,
elevated TNFo inhibits neurogenesis (38). Since GPR56 activates the
RhoA pathway (39, 40), we reasoned that microglial GPR56 might
function through the TNFa pathway. To test this hypothesis, we
first examined TNFa mRNA levels in purified E14.5 microglia. We
detected a significantly higher level of TNFa transcripts in microglia
isolated from Gpr56 cKO brains compared to controls (Fig. 6A).
We saw a similar elevation of TNFo transcripts in E14.5 microglia
isolated from MIA fetal brains in an IL-17a-dependent manner
(Fig. 6A).

To further examine whether TNFa plays a role in MGE neuro-
genesis, we performed ex vivo embryonic brain slice cultures. We
treated the brain slices with carrier solution PBS, TNFa, or TNF
receptor 1 (TNFR1)-neutralizing antibodies for 48 hours and
pulsed with BrdU for the last 12 hours (Fig. 6B). Excitingly, the per-
centage of BrdU"Nkx2.1" cells in the MGE was significantly de-
creased in control slices treated with TNFo compared to those
treated with PBS (Fig. 6, B and C), indicating that TNFo impairs
MGE proliferation. To explore whether elevated TNFa is the
molecular mechanism underlying Gpr56 cKO-induced MGE pro-
liferation impairment, we treated Gpr56 cKO brain slices with
carrier solution PBS, TNFa, or TNFR1-neutralizing antibodies. We
observed a significant decrease in MGE proliferation in Gpr56 cKO
slices compared to controls in the PBS-treated group, confirm-
ing that deleting microglial Gpr56 impairs MGE proliferation
(Fig. 6, B and C). Furthermore, TNFR1-neutralizing antibody treat-
ment significantly increased MGE proliferation, whereas TNFa
treatment did not affect MGE proliferation in Gpr56 cKO slices
compared to controls (Fig. 6, B and C). Together, our study results
support the idea that raised TNFa expression mediates Gpr56 cKO-
induced MGE proliferation deficits.
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Fig. 4. Both microglial Gpr56 deletion and MIA impairs mid-stage neurogenesis in MGE. (A) A schematic drawing of early neurogenesis evaluation. (B) Representative
images of triple staining of EdU, BrdU, and Nkx2.1 in the E13.5 MGE with EdU injected at E11.5 and BrdU injected at E12.5. (C and D) Bar graphs showing no significant
differences between control and Gpr56 cKO mice in the percentages of Nkx2.1*EdU"* cells (C; P = 0.98) and Nkx2.1*EdU*BrdU" cells (D; P=0.35).n =4 in controland n=6in
cKO. (E to H) Triple staining of EAU, BrdU, and Nkx2.1 to evaluate mid-stage MGE neurogenesis ranging from E14.5 to E16.5. Bar graphs show significantly decreased
percentages of Nkx2.1*EdU* cells (G) and Nkx2.1*EdU*BrdU" cells (H) in the MGE of Gpr56 cKO mice compared to controls. n = 4. (I to L) Triple staining of EdU, BrdU,
and Nkx2.1 to evaluate late-stage MGE neurogenesis ranging from E15.5 to E17.5. Bar graphs showing significantly decreased percentages of Nkx2.1*EdU" cells (K) and
Nkx2.1*EdU*BrdU* cells (L) in the MGE of Gpr56 cKO mice compared to controls. n=4. (M to P) Triple staining of EdU, BrdU, and Nkx2.1 to evaluate mid-stage MGE
neurogenesis ranging from E14.5 to E16.5 in MIA fetal brains. Bar graphs show a significantly decreased percentage of Nkx2.1*EdU™ cells (O) and Nkx2.1*EdU*BrdU* cells
(P) in the MGE of MIA offspring. n = 3. Red arrows show examples of Nkx2.1*EdU*BrdU" cells. Unpaired t test. *P < 0.05, **P < 0.01, and ***P < 0.001. Data are presented as
means + SEM.
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Fig. 5. Deleting microglial Gpr56 alters microglial density and morphology in
the MGE. (A) IHC and three-dimensional reconstructions (green) of microglia in
the E16.5 MGE of control and Gpr56 cKO brains. (B) Microglia density is significantly
reduced in the E16.5 MGE of Gpr56 cKO brains compared to controls. n=6. (C to E) The
number and length of branches, as well as cell volume, were significantly decreased
in Gpr56 cKO microglia in the MGE compared to controls. Cell numbers: 132 in con-
trol and 121in cKO. (F) Sholl analysis indicates a reduction in the ramification of
microglia in the MGE of Gpr56 cKO mice compared to controls. Unpaired t test for
(B) to (E) and two-way ANOVA and post hoc Bonferroni’s test for (F). *P < 0.05,
**P <0.01, and ***P < 0.001. Data are presented as means + SEM.

Restoring microglial Gpr56 expression corrects PV*
interneuron deficits in Gpr56 global KOs and MIA offspring
To unambiguously establish the role of microglial Gpr56 in inter-
neuron development, we engineered a new transgenic mouse line,
Rosa®™, that drives Gpr56 expression in a cell-specific manner
(Fig. 7A). Upon crossing with Cx3crI-Cre mice, we detected specific
cre-loxP recombination in microglia (Fig. 7B) and a high level of
Gpr56 ex;)ression in purified microglia from E14.5 Rosa®Pr9+;
Cx3crI®™* mouse brains (Fig. 7C).

We first sought to rescue PV* interneuron phenotypes associated
with Gpr56 deletion by crossing Rosa“"™>%*; Cx3cr1<“* with Gpr56
null mice, in which Gpr56 is removed globally (19). As deleting
Gpr56 leads to cortical lamination defects in the frontal cortex (41),
we quantified the distribution of PV interneurons in the posterior
part of the SSC to stay away from regions with cortical ectopias
(19, 41). We detected a decreased PV" interneuron density in the
posterior SSC of Gpr56 null mice (Gpr56™"; Cx3cr1“™**) compared
to controls (Cx3cr1®™") at P21 (Fig. 7, D and E), a similar pheno-
type seen in microglial Gpr56 cKO mice. The density of PV inter-
neurons in Gpr56™; Rosa®"%*; Cx3cr1“** mice are at a similar
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Fig. 6. Elevated TNFa mediates Gpr56 cKO-induced MGE proliferation deficits.
(A) TNFo mRNA was significantly elevated in E14.5 microglia isolated from Gpr56
cKO and MIA fetal brains. IL-17a-neutralizing antibodies significantly attenuated
microglial TNFo. mRNA elevation in MIA-treated fetal brains. n=5 to 8. ACTB, actin
beta. (B) Representative images of BrdU and Nkx2.1 in ex vivo culture slices. (C) The
percentage of BrdU* cells in the MGE were significantly decreased in Gpr56 cKO slices
compared to control slices under PBS treatment. In control slices, TNFa treatment
significantly decreased the percentage of BrdU* progenitors in the MGE, while treat-
ment with TNFR1-neutralizing antibodies had no effect (P> 0.99). In Gpr56 cKO slic-
es, TNFR1-neutralizing antibody treatment significantly increased MGE proliferation,
while TNFa treatment did not alter MGE proliferation (P> 0.99). Control: n=5; cKO:
n=6. Unpaired t test for (A) and two-way ANOVA and Bonferroni’s post hoc test for
(C). *P<0.05, **P < 0.01, and ***P < 0.001. Data are presented as means + SEM.

level as in Cx3cr1* control mice, supporting a cell-autonomous
function of microglial Gpr56 in PV" interneuron development.

To confirm the involvement of Gpr56 in MIA-induced PV™ inter-
neuron reduction, we investigated whether Rosa®"%*; Cx3cr1<*
mice would resist MIA-induced PV™ interneuron deficits. We
observed that MIA induction at E12.5 significantly decreased the
density of PV" interneurons in layers II to V of the SSC in P21
Cx3cr1®* mice (Fig. 7, F and G). As expected, PV" interneuron den-
sity was significantly improved in layers II (Bin2) and V (Bin6) of the
SSC from MIA-treated Rosa®">**; Cx3cr1“™* offspring compared
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Cx3cr19?* mice (n = 3). (D) Representative images of PV* interneurons in the posterior SSC. (E) A bar graph showing PV* interneuron density in the posterior SSC is de-
creased in global Gpr56 KO mice compared to control mice, and restoring microglial Gpr56 expression corrects the PV* interneuron deficits. n = 8 (Cx3cr1<®*), n = 6 (Gpr56
null; Cx3cr1“¢*), and n= 5 (Gpr56 null; Rosa®"%"*; Cx3cr1<*). (F) Representative images of PV* interneurons in the SSC of control mice (PBS, Cx3cr1<®*), MIA offspring
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to control MIA offspring. n =5 (PBS, Cx3cr1¢*), n =6 [poly(1:C), Cx3cr1<®*], and n = 6 [poly(1:C), Rosa®"*%*; Cx3cr1<®*]. Unpaired t test for (C): **P < 0.01; two-way ANOVA
and post hoc Bonferroni's test for (E): ##P < 0.01 and ###P < 0.001 between Cx3cr1“®* and Gpr56 null; Cx3cr1<®*; *P < 0.05, **P < 0.01, and ***P < 0.001 between Gpr56 null:
Cx3cr19”* and Gpr56 null; Rosa®’™%*; Cx3cr1<®*. Two-way ANOVA and post hoc Bonferroni’s test for (G): #P < 0.05 and ##P < 0.01 between PBS, Cx3¢r1“?* and poly(I:C),
and Cx3cr1“®*; *P < 0.05 between poly(I:C), Cx3cr1<®* and poly(1:C), and Rosa®*®*; Cx3cr1“®*. Data are presented as means + SEM.
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to MIA-treated Cx3cr1<”* offspring (Fig. 7, F and G), indicating
that microglial Gpr56 down-regulation is a critical link between
MIA and PV* interneuron reduction. The density of PV™ inter-
neurons in MIA offspring with restored expression of microglial
Gpr56 did not fully reach the levels of PBS-treated controls, suggest-
ing that other pathways may also be involved in the effect of MIA on
interneuron development.

Gpr56 cKO mice exhibit autism-like behaviors, and restoring
microglial Gpr56 expression rescues behavior abnormalities
in MIA offspring

We investigated the functional relevance of microglial Gpr56 in re-
spect to mouse behaviors. First, we evaluated mouse anxiety levels
using an open-field test (7). While there was no difference in the
time spent in the center of the open field between wild-type and
Cx3cr1“™** mice, we found Gpr56 cKO mice spent significantly less
time in the center, indicating that Gpr56 cKO mice had an elevated
anxiety level (Fig. 8A). Second, we tested social preference in our
experimental mice with a three-chamber test (7). Mice in both wild-
type and control groups showed a preference for a social animal,
while Gpr56 cKO mice spent similar time between a social animal
and an inanimate object (Fig. 8C). Third, we conducted a marble-
burying test in our experimental mice to evaluate repetitive behav-
iors, which is another key feature of ASD (42). Our results showed
a trend that Gpr56 cKO mice buried more marbles compared to
controls (P = 0.058; Fig. 8E). Given that the total distances traveled
in the open field and the total interaction time in the three-chamber
test were comparable among different groups, all differences detected
in these behavior tests were not due to activity or arousal level dif-
ferences among different groups of mice (Fig. 8, B and D).

Next, we investigated whether sustained microglial Gpr56 expres-
sion corrects autism-like behaviors in MIA offspring. We observed
that MIA offspring [poly(I:C), Cx3cr1“/*] exhibited social disability
in the three-chamber test (Fig. 8H) and significantly elevated repet-
itive behaviors in the marble-burying test (Fig. 8]), consistent with
literature (7, 29). Restoring microglial Gpr56 expression (Poly(I:C),
Rosa®P%*; Cx3cr1¢™*) aborted those autism-like behaviors in MIA
offspring (Fig. 8, Fto ]).

DISCUSSION

Microglia play an important role in MGE proliferation during
mid-stage neurogenesis

Despite increasing evidence indicating the role of microglia in regulating
excitatory (43) and adult neurogenesis (16, 44), our understanding of
microglial function in interneuron development is sparse. Squarzoni et al.
(24) reported that early microglia depletion affects interneuron
positioning and numbers in the mouse cortex. Our results ascertain
the role of microglia in MGE proliferation through a GPR56/TNFa
pathway. Gpr56 cKO specifically impairs PV™, but not SST", inter-
neurons in the neocortex. The lack of reduction of calretinin® and
reelin® interneurons suggests that CGE-derived interneurons are
not affected by Gpr56 cKO (I). Selective alternations in PV"
interneurons have been reported in multiple psychiatric disorders
with suspected neurodevelopmental etiology. For example, studies
indicate specific PV" interneurons deficits in MIA offspring and
ASD mouse models (4, 10). It has also been found that PV" inter-
neurons were selectively decreased, or PV expression is reduced in
brain tissues from patients with schizophrenia (45, 46).
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Fig. 8. GPR56 expression status in microglia affects mouse behaviors. (A) The
percentage of time spent in the center of an open field, (B) total distance traveled
in an open field (P=0.80), (C) interaction time ratio in the three-chamber test,
(D) total interaction time in the three-chamber test (P=0.23), and (E) number of
marbles buried in marble-burying test in wild-type (n=17), control (Cx3cr1<e™:
n=14),and Gpr56 cKO mice (Gpr56f/f; Cx3cr1®*; n=13). (F) The percentage of time
spent in the center of an open field, (G) total distance traveled in an open field
(P=0.09), (H) interaction time ratio in the three-chamber test, (l) total interaction
time in the three-chamber test (P=0.55), and (J) number of marbles buried in marble-
burying test in control mice (PBS, Cx3cr1c'e/+; n=16), MIA offspring [poly(l:C),
Cx3cr19¥*; n=19], and MIA offspring with restored expression of Gpr56 in microglia
[poly(1:C), Rosa®"%*; Cx3cr19®*; n = 16). Two independent experiments. Unpaired
t test for (A), (E), (F), and (J); one-way ANOVA test for (B), (D), (G), and (I); and two-
way ANOVA and post hoc Bonferroni's test for (C) and (H). #P<0.1, *P<0.05,
**P<0.01, and ***P < 0.001. Data are presented as means + SEM.

The temporal effect of microglial Gpr56 cKO on MGE progeni-
tor proliferation might explain the selective reduction of PV" inter-
neurons in cKO mice. Our fate-mapping experiments show that
most PV*EdU" cells were distributed in layer IV/V when EdU was
injected at E14.5 (Fig. 3E). On the other hand, PV*EdU™ cells were
more concentrated in layer V/VI when EdU was injected at E12.5
(Fig. 3B), which is consistent with previous observations that inter-
neurons have an “inside-out” relationship between birthdate and
laminar locations (47, 48). The reduction of PV" interneuron
density is mainly seen in layer IV/V of the Gpr56 cKO mouse SSC
(Fig. 2, A and B), further supporting the time of action for microglial
Gpr56 at mid-stage neurogenesis. Of note, we did not see a signifi-
cant reduction in PV" interneuron density in layer II/III of the SSC
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of Gpr56 cKO mice (Fig. 2, A and B) despite a reduced proliferation
in MGE during E15.5 to E16.5 (Fig. 4, ] to L). One possible explanation
could be lower contribution of PV* interneuron from late-stage
neurogenesis relative to early- and mid-stage MGE neurogenesis. Our
fate-mapping experiments showed a marked reduction of PV* inter-
neurons derived from E15.5 compared to E14.5—from ~30 PV'EdU"
cells/mm? when EdU was injected at E14.5 to ~4 cells/mm? at E15.5
(Fig 3, E, F, H, and I). Another possibility could be an unknown
compensatory effect that is selective for the superficial cortical layer.
Together, our data support that the temporal factor dictates the effect
of microglial GPR56 function in MGE interneuron development.
Future studies are needed to delineate whether spatial distribution
(33) and intrinsic properties (49) of MGE progenitors also influence
the impact of microglial GPR56.

This time-specific function of microglial GPR56 is consistent
with the stepwise developmental program of microglia in the mouse
brain (26). During early MGE neurogenesis, “early microglia” before
E14.5 are enriched in genes associated with proliferation and the cell
cycle, similar to myeloid progenitors in the yolk sac, while “premicroglia”
from E14 to P9 show high heterogeneity and express distinct genes
related to neural migration, neurogenesis, and cytokine release (26).
Microglial Gpr56 transcripts were increased ~8-fold from E12.5 to
E14.5, followed by a gradual elevation to an adult level at early postnatal
age (19, 26). Therefore, a potential explanation for the time-specific
function of microglial GPR56 in MGE neurogenesis is that only
those “premicroglia,” which have high expression of Gpr56 and other
genes related to neurogenesis and cytokine release, are able to influence
MGE progenitor proliferation.

Microglial GPR56 functions as a key regulator

in neuroinflammation

Microglial GPR56 is down-regulated in the setting of inflammation.
Down-regulation of microglial Gpr56 was observed in both embry-
onic brains in response to MIA (Fig. 1) and adult brains upon
lipopolysaccharide-induced neuroinflammation in mice (27). In
humans, GPR56 expression was significantly reduced in microglia
isolated from the white matter of individuals with multiple sclerosis,

Autism-like behavior

a disease characterized by neuroinflammation and demyelination (50).
Moreover, Gosselin et al. (51) showed that cultured primary human
microglia expressed high level of genes related to neuroinflamma-
tion, while the expression of GPR56, together with other homeostatic
genes such as P2RY12 and CX3CRI, was markedly down-regulated.
Together, literatures and our results support the idea that GPR56
down-regulation in microglia is indicative of neuroinflammation.

Deleting microglial GPR56 results in less ramification and elevated
TNFa expression in microglia (Figs. 5 and 6A). The role of microglial
GPR56 in microglial morphology and TNFo. expression may be me-
diated by the RhoA pathway. First, GPR56 couples to Ga12/13 and
activates the RhoA pathway in multiple types of cells (15, 39, 40, 52).
Second, the RhoA pathway is a key modulator of cytoskeleton dy-
namics (53). Last, the RhoA pathway plays a critical role in TNFa
production, as microglial RhoA ¢cKO mice showed an elevated
expression of TNFo in microglia (37). It would be interesting to further
investigate whether RhoA is the downstream signaling pathway of
GPR56 in microglia.

Our research did not rule out the involvement of other pathways
in MIA-induced interneuron deficits. In addition to TNFa, other cyto-
kines have also been known to play a role in the regulation of neuro-
genesis (36, 54). For example, IL-1p has been reported to be regulated
by the RhoA pathway (55) and inhibit neurogenesis (54). It would
be worthwhile to investigate the comprehensive effect of GPR56 on
interneuron development through modulation of cytokine release.

Microglial GPR56 is a molecular target of MIA-induced
neurodevelopmental disorder

Epidemiological studies link maternal inflammation to an increased
risk of ASD in offspring (8, 56-58). Animal studies recapitulate this
finding and reveal PV" interneuron deficits as a major mechanism
(6, 9). However, little is known about the underlying molecular
mechanism in the fetal brain. Here, we show that fetal microglial
Gpr56 down-regulation, either in response to MIA or in our Gpr56
cKO model, impairs MGE proliferation at late-stage neurogenesis
and results in PV" interneuron deficits in the neocortex and autism-like
behaviors in adult mice through elevated TNFa expression (Fig. 9).
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Fig. 9. Microglial GPR56 function. In normal conditions, microglial GPR56 regulates microglia density, ramification, and cytokine release. Deletion or MIA-induced
down-regulation of microglial Gpr56 leads to elevated microglial TNFa, which results in MGE proliferation deficits at mid-/late-stage neurogenesis, PV* interneuron reduc-

tion in the neocortex, and autism-like behaviors in adult mice.
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We did not detect any significant change in Gpr56 expression in
nonmicroglial cells isolated from MIA offspring. Restoration of
microglial Gpr56 expression in Gpr56 global knockout mice ameliorates
PV* interneuron reduction in the SSC, supporting a cell-autonomous
role of microglial Gpr56 in PV interneuron development. Moreover,
sustained microglial Gpr56 expression attenuates MIA-induced PV"*
interneuron deficits and autism-like behaviors. Together, our study
results support the idea that microglial Gpr56 serves as a molecular
target of MIA-associated neurodevelopmental disorders. We demon-
strated that MIA down-regulates fetal microglial Gpr56 expres-
sion via elevated maternal IL-17a levels. Further epidemiological
studies are needed to test whether an elevated maternal IL-17a level
is associated with increased risk of developing autism in offspring.
If so, one could potentially treat pregnant people with a short course
of IL-17a-neutralizing antibodies in the setting of MIA. In this re-
gard, secukinumab, an anti-IL-17a monoclonal antibody, is a Food
and Drug Administration-approved therapy for adult autoimmune
disorders (59).

MATERIALS AND METHODS

Animals

All mice were handled according to the guidelines of the Institutional
Animal Care and Use Committee at the University of California,
San Francisco. For all experiments, animals were independently random-
ized to different experimental groups. Gpr56f/f mice were generated
by our laboratory and have been previously reported (15, 52).
Cx3cr19"** mice were purchased from the Jackson Laboratory (strain
no. 025524). Gpr56"; Cx3cr1“* mice were named as Gpr56 cKO
mice and Gpr56"*; Cx3cr1”** mice as control mice. Both male and
female mice were used for experiments and quantifications other than
behavior tests. For the behavioral assay, only males aged between 2
and 3 months old were used as experimental mice according to previous
research (6, 29). Gpr56 global knockout mice, Gpr56 null, were generated
by crossing Gpr56f/fmice with CMV“" mice (the Jackson Laboratory,
no. 006054), and CM V" was removed by further crossing with C57/
B6 mice (19). Rosa®"° mice were generated via CRISPR-Cas9 as pre-
viously reported (60). Briefly, wild-type murine Gpr56 complemen-
tary DNA was inserted into the mouse Rosa26 locus under the CAG
promoter and floxed by Neo/Stop cassette through modifying the
targeting vector Rosa26 CAG/GFP Asc, a gift from the laboratory of
M. Kithn. Modified Cas9 mRNA and single-guide RNA targeting the
intronic Xba I site of Rosa26 were microinjected into C57/B6 zygotes
together with targeting vectors. The transgenic Rosa®”" mice were
screened from survived offspring by three different polymerase
chain reaction (PCR) reactions, indicating correct insertion of the
transgene (60).

For timed pregnancy, males and females were mated together
overnight and separated on the second morning. After the mating
night, females were placed back in their home cages. The noon of
the day showing vaginal plugs was noted as E0.5. In the BrdU or
EdU labeling experiment, a single dose of BrdU (100 mg/kg; Abcam,
ab142567) or EAU (10 mg/kg; provided in Click-it EdU Alexa Fluor
647 Imaging Kit from Invitrogen, #C10340) was injected intra-
peritoneally into pregnant mice at the designed time points. Wild-
type mice used for MIA induction were C57/B6 mice purchased
originally from Taconic Biosciences and bred in the laboratory. In
the MIA rescue experiment, all mice were cohoused with the mice
ordered from Taconic Biosciences for 2 to 3 weeks. All female mice
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used for MIA had been tested to have segmented filamentous bacteria
according to previously reported methods (29). For the MIA induc-
tion study, pregnant females were intraperitoneally injected with
poly(I:C) (20 mg/kg; Sigma-Aldrich, P9582) or PBS. Successful in-
duction of MIA was further confirmed by elevated IL-6 serum con-
centration in 3 hours after poly(I:C) injection and elevated IL-17a
serum concentration at E14.5. In the antibody rescue experiment,
IL-17a-neutralizing antibodies (10 g/kg; R&D Systems, MAB421)
and IgG2a isotype controls (10 g/kg; R&D Systems, IC006V) were
intraperitoneally injected 6 hours before poly(I:C) injection.

Enzyme-linked immunosorbent assay

Blood was collected from lateral tail veins of pregnant dams 3 and
48 hours after poly(I:C) or PBS injection. Fresh blood was left un-
disturbed at room temperature for 30 min to clot. Serum was isolated
from clotted blood by centrifuging for 15 min at 1000 rpm at 4°C
(Eppendorf Centrifuge 5415D) and was diluted 10 times for inter-
leukin enzyme-linked immunosorbent assay (ELISA) tests. IL-6
(Invitrogen, #88-7064) and IL-17A ELISA kits (BioLegend, #432501)
were used to test the concentration of IL-6 and IL-17A in the serum
following the manufacturer’s instructions. Briefly, standard IL-6 and
IL-17A provided in the kits were diluted sequentially and applied to
make a standard curve. Absorbances at 450 nm (A450) were read,
and the concentrations of IL-6 and IL-17A of samples were calculated
according to A450 and the standard curve. The original concentra-
tion of plasma was calculated accordingly.

Immunohistochemistry
We followed the IHC protocol as previously reported (19). All post-
natal mouse brains were collected after transcardial perfusion with
ice-cold PBS followed by 4% paraformaldehyde (PFA; Thermo Fisher
Scientific, J19943-K2) and were post-fixed in 4% PFA overnight.
Embryonic brains were collected without perfusion and fixed directly
in 4% PFA overnight. All samples were moved to 30% sucrose in
PBS overnight for cryostat protection followed by O.C.T. (SCIgen,
#4586) embedding. Brain sections of 12 or 40 pm were used for IHC.
Antigen retrieval was performed for 12 min at 95° to 99°C with
antigen retrieval buffer (BD Pharmingen, #550524). After antigen
retrieval, brain slices were blocked in blocking buffer [5% serum,
1% bovine serum albumin (BSA), and 0.025% Triton X-100 in PBS]
for 1.5 hours before proceeding to primary and secondary antibody
incubation at room temperature. For VVA staining, fluorescein-
conjugated VVA (Vector Laboratories, FL-1231) was diluted at a
1:200 ratio and applied to mouse brain slices together with PV primary
antibodies to incubate overnight. For slices from the embryonic
stage, TrueBlack Lipofuscin Autofluorescence Quencher (Biotium,
#23007) at a dilution ratio of 1:20 in 70% alcohol was applied to slices
for 30 s to block autofluorescence. For BrdU staining, brain slices
were treated with 1 M HCI for 1 hour at 37°C and neutralized with
0.1 M sodium borate (Sigma-Aldrich, SX0355) before antigen retrieval.
For EdU staining, EAU working solution was applied to slices after
IHC following the manufacturer’s instructions. All slides were counter-
stained with 4’,6-diamidino-2-phenylindole (1:1000) before mounting
(VWR International Inc., H-5000-60) and microscope imaging. For
microglia morphology analysis, the IMARIS software (Oxford Instru-
ments) was used for three-dimensional reconstruction of microglia.
The antibodies used in this study are as follows: mouse anti-
SatB2 (Abcam, ab51502), guinea pig anti-Ibal (Synaptic system,
catalog no. 234004), rabbit anti-cleaved caspase 3 (Cell Signaling
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Technology, catalog no. 9661S), rabbit anti-PV (Swant, PV27),
rat anti-SST (EMD, MAB354), rat anti-BrdU (Abcam, ab6326),
rabbit anti-calretinin (Abcam, ab702), mouse anti-calbindin
(ab82812), rabbit anti-reelin (Abcam, ab230820), rabbit anti-Nkx2.1
(Abcam, ab76013), and mouse anti-Lhx6 (Santa Cruz Biotechnology,
sc-271433).

Microglia isolation

E14.5 embryonic brains were collected without meninges and
homogenized in ice-cold DPBS (Dulbecco’s Phosphate-Buffered Saline)
with a 2-ml pestle-mortar system on ice. For MIA induction, two to
three brains from the same litter were pooled and homogenized to-
gether. For Rosa®"° mice, each brain was individually homogenized,
and two to three brain homogenates with the same genotypes from
the same litter were pooled after homogenization. Brain homogenates
were centrifuged at 300¢ for 10 min at 4°C to produce cell pellets.
Cell pellets were washed and resuspended in fluorescence-activated
cell sorting (FACS) buffer (Hanks’ balanced salt solution + 0.5% BSA)
as a single-cell suspension. The single-cell suspension was then blocked
in rat anti-mouse CD16/32 (1:100) for 20 min and further stained
with fluorescence-conjugated rat anti-mouse CD45 (1:50), rat anti-
mouse CD11b (1:50), and LIVE/DEAD marker (DraQ?7 far red,
1:100). BD FACS Aria2 SORP Cell Sorters with 70-um nozzles were
used for microglia sorting. DraQ7 CD45™4™CD11b" cells were col-
lected as microglia, and DraQ7 CD45 CD11b" cells were collected
as nonmicroglial cells. The cells were sorted directly into RLT lysis
buffer from the RNeasy Mini Kit (QIAGEN, 74104) and stored at
—80°C for later RNA extraction.

RNA extraction and reverse transcription quantitative PCR
RNA was extracted from isolated microglia and nonmicroglial cells
with the RNeasy Mini Kit (QIAGEN, 74104), following the manu-
facturer’s instructions. Reverse transcription was conducted using
the iScript Reverse Transcription Supermix (Bio-Rad, 1708840).
Quantitative PCR (qPCR) was conducted with the iTaq Universal
SYBR Green Supermix (Bio-Rad, 1725121) in a Roche LightCycler
480 Instrument II. Gpr56 mRNA expression level was tested with
primers: 5'- TTGCTGCCTACCTCTGCTCC-3’ and 5'-AGCAG-
GAAGACAGCGGACAG-3'. TNFo mRNA expression was tested
with primers: 5'-GACGTGGAACTGGCAGAAGAG-3’ and
5'-TGCCACAAGCAGGAATGAGA-3'. The expression of Gpr56
mRNA and TNFa tested in the reverse transcription gPCR (RT-qPCR)
experiments was normalized to the widely used housekeeping reference
gene B-actin (Actb). Actb mRNA was tested with primers: 5'-CAG-
CAAGCAGGAGTACGATGAGTC-3" and 5'-CAGTAACAGTC-
CGCCTAGAAGCAC-3".

Ex vivo slice culture

Embryonic brains were isolated at E13.5 and embedded with 4%
low-melt agarose (Apex, CAS no.: 9012-36-6). Brain slices (200 um)
with the MGE were collected with a Leica Vibratome (Leica VT
1000s) and placed onto inserts (0.4 um; Millicell, Millipore) in Neuro-
basal medium (Gibco, #21103-049) supplemented with 2% B27 (Gibco,
#17504-044), 2 mM GlutaMAX (Gibco, #35050061), and 1%
penicillin-streptomycin (Gibco, #15070063). After 24 hours, the cul-
ture mediums were changed to new medium with PBS (1 pl per 1 ml
medium), TNFa (100 ng/ml; Abcam, ab259411), or TNFR1-neutralizing
antibody (5 pg/ml; R&D systems, MAB430). Thirty-six hours later,
the culture media in each condition were changed to a new medium
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with the same treatment plus 10 uM BrdU. All slices were fixed with
4% PFA for 20 min after 12 hours of incubation. In this way, the
total treatment time for TNFa and TNFR1 antibody is 48 hours
and 12 hours for BrdU.

For THC, cultured slices were treated with 1 M HCl for 1 hour at
37°C for DNA hydrolysis and permeabilized with 10% Triton X-100 in
PBS for 20 min. After neutralizing and washing, slices were blocked
and incubated with primary antibodies over two nights. The follow-
ing steps are the same as IHC mentioned above.

Mouse behavior assay

All experimental mice in behavior tests were 2- to 3-month-old males
and housed at two to five mice per cage at all times unless otherwise
specified. The genotyping and treatment conditions of all mice were
blinded to experimental conductors and data analyzers. Arenas and
contents were thoroughly cleaned between testing sessions with
70% ethanol.

Open-field test

All experimental mice were habituated in the experimental room
for 1 hour before the experiment. During the experiment, mice were
placed in one corner of an open testing arena (arena size, 40 cm by
40 cm; Kinder Scientific) with heads facing the corner and were al-
lowed to explore the whole arena freely for 10 min. The center of the
arena was defined as a 20 cm by 20 cm square in the center. Infrared
photobeam breaks were recorded, and movement metrics were tracked
and analyzed by ActiTrack tracking software (ActiTrack v2.7.13,
Panlab). The percentages of time spent in the center and total dis-
tance were analyzed by the tracking software.

Three-chamber social tests

One week after the open-field test, experimental mice were conducted
a 2-day, three-chamber sociability test. On day 1, experimental mice
were single-housed for 1 hour in separate clean holding cages in the
experimental room for habituation and then placed into a three-
chamber arena (23.5 inches by 17.5 inches) with two empty object/
mouse holders located in the left and right chamber. Experimental
mice were allowed to explore the arena and holders for 10 min and
then placed back in their home cages. On day 2, one holder con-
tained an unfamiliar C57BL/6 mouse (social animal) at a similar age
as the experimental mouse, and the other holder contained a plastic
mouse toy of a similar size (inanimate object). Experimental mice
were placed in the center chamber without access to the left and right
chamber and were only allowed to explore the center. Five minutes
later, gates to the lateral chambers were lifted, and mice were allowed
to explore the whole arena freely for 10 min. The interaction was
recognized when experimental mice were approaching either object
holder within 2 cm with attention at the object holder. The sessions
were video-recorded and analyzed with the SMART Video Tracking
System (Smart v3.0, Panlab). Each social mouse was used no more
than four times.

Marble-burying test

One week after the three-chamber social test, experimental mice were
single-housed for 0.5 to 1 hour in separate clean holding cages in
the experimental room for habituation. Mice were placed in a new
home cage with deep bedding (arena size: 12.5 inches by 6.5 inches
by 6 inches; bedding depth: 2 inches) containing 20 glass marbles in
anarray of 4 x 5 for 15 min. After this exploration period, mice were
gently removed and put back in their home cage. The testing cages
were recorded and manually counted: 1 for marbles covered more
than 50%, 0.5 for ~50% covered, and 0 for anything less.
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Statistical analysis

Statistical analyses were performed using the GraphPad Prism Version 8
software (GraphPad Software Inc., San Diego, CA). The results were
analyzed with one-way analysis of variance (ANOVA) tests, two-
way ANOVA followed by Bonferroni’s post hoc tests, or unpaired
Student’s ¢ tests as described in figure legends. Sample size # is de-
fined in figure legends as well as individual dots in bar graphs. Each
embryonic experiment was conducted with at least two litters in
each condition. All average data are shown as means + SE in bar
graph [not significant (n.s.)]. * or *P < 0.05, ** or P < 0.01, and
**% or **P < 0.001 unless specified.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm2545

View/request a protocol for this paper from Bio-protocol.
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