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In brief
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signaling maintains synaptic
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transmission in the amygdala, thereby
coordinating emotional, metabolic, and
inflammatory responses under stress
conditions.
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SUMMARY

Regulated neural-metabolic-inflammatory responses are essential for maintaining physiological homeosta-
sis. However, the molecular machinery that coordinates neural, metabolic, and inflammatory responses is
largely unknown. Here, we show that semaphorin 6D (SEMA6D) coordinates anxiogenic, metabolic, and in-
flammatory outputs from the amygdala by maintaining synaptic homeostasis. Using genome-wide ap-
proaches, we identify SEMAG6D as a pleiotropic gene for both psychiatric and metabolic traits in human.
Sema6d deficiency increases anxiety in mice. When fed a high-fat diet, Sema6d /'~ mice display attenuated
obesity and enhanced myelopoiesis compared with control mice due to higher sympathetic activity via the
B3-adrenergic receptor. Genetic manipulation and spatial and single-nucleus transcriptomics reveal that
SEMAGD in amygdalar interneurons is responsible for regulating anxiogenic and autonomic responses.
Mechanistically, SEMAG6D is required for synaptic maturation and y-aminobutyric acid transmission. These
results demonstrate that SEMAGD is important for the normal functioning of the neural circuits in the amyg-
dala, coupling emotional, metabolic, and inflammatory responses.

INTRODUCTION of human diseases, including psychiatric, metabolic, and

inflammatory disorders.’™ Several lines of evidence suggest
Mutual interactions among the neural, metabolic, and immune that the brain, as a central regulator of the body,
systems are physiologically and pathologically pivotal for receives signals from peripheral tissues and establishes
tissue homeostasis. Deficiencies in these interactions coordinated neural-metabolic-inflammatory responses.®”
frequently result in overlapping pathologies across a spectrum  However, the molecular machinery that coordinates neural,

"Z, Neuron 7112, 2955-2972, September 4, 2024 © 2024 The Authors. Published by Elsevier Inc. 2955
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Figure 1. Loss of Sema6d increases anxiety

(A) Phenome-wide association of SEMA6D polymorphisms across 4,756 GWASs from the GWAS Atlas.
(B) SEMABD mRNA expression in the amygdala from patients with schizophrenia compared with controls in the PRINA379666 dataset. TPM, transcripts per
kilobase million. Boxes denote the interquartile range (IQR). The median is shown as horizontal bars. Whiskers extend to 1.5 times the IQR. Outliers are shown as
individual points. Healthy controls, n = 24; patients with schizophrenia, n = 22.
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metabolic, and inflammatory outputs from the brain is largely
unknown.

Neural circuit formation relies on multiple processes, such as
axonal projection, synaptic maturation, and synaptic pruning.®
Various attractive and repulsive axon guidance cues orchestrate
these processes. Semaphorins are one of the largest families of
repulsive axonal guidance molecules, regulating early processes
of neural circuit formation, such as axonal projection, and later
neural developmental processes, such as neurite pruning.®'°
Semaphorin 6D (SEMABD), a transmembrane-type semaphorin,
exerts multiple biological effects, including axon guidance,’"'?
cardiac development,'®'* bone remodeling,'® and immune re-
sponses.'®'” As an axon guidance molecule, SEMA6D is
involved in the formation of the optic chiasm'' and the elimina-
tion of corticomotor neuronal connections.'? Furthermore, ge-
netic variants of SEMAG6D are associated with susceptibility to
schizophrenia, attention-deficit hyperactivity disorder, and
neuroticism.'®° In addition, we have previously reported that
SEMAGBD-Plexin-A4 (PLXNA4) signaling promotes anti-inflam-
matory macrophage polarization via enhanced intracellular lipid
metabolism.'” However, despite the growing appreciation for
the roles of SEMAGD in neural and immuno-metabolic pro-
cesses, it remains to be determined whether SEMAGD plays
key roles in coordinating neural, metabolic, and inflammatory
outputs from the brain.

This study aimed to investigate the interactions among neural,
metabolic, and inflammatory responses using genome-wide ap-
proaches, genetic manipulation, and spatial and single-nucleus
transcriptomics, thereby focusing on the contribution of
SEMAGD in the amygdala. We presented SEMA6D as a pleio-
tropic gene for psychiatric and metabolic traits through
genome-wide analyses; amygdala SEMAGD functions as a com-
mon hub for anxiogenic, metabolic, and hematopoietic re-
sponses by supporting synaptic maturation and y-aminobutyric
acid (GABA) transmission. Our study could provide insight into
developing strategies to treat disorders related to the dysregula-
tion of emotions, metabolism, and inflammation by targeting
SEMAGD.

RESULTS

SEMAGD is a pleiotropic gene of both psychiatric and
metabolic traits in human

To reveal the existence of shared genetic factors for neural and
metabolic responses, we first examined the genetic correlation
between psychiatric and metabolic traits using cross-trait link-
age disequilibrium score regression (LDSC).>" We computed
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pairwise genetic correlations (rg) among 16 metabolic and 18
psychiatric traits from the genome-wide association study
(GWAS) atlas.?” We found a significant genetic correlation be-
tween psychiatric and metabolic traits, suggesting the presence
of shared biological pathways across multiple traits (Figure S1A).
This observation was consistent with previous GWAS meta-
analysis, which revealed enriched expression of body mass in-
dex (BMl)-associated genes in the brain.” We next investigated
pleiotropic genes associated with psychiatric and metabolic
traits and identified 59 potential pleiotropic genes, including neu-
rexin 1 (NRXNT), erb-b2 receptor tyrosine kinase 4 (ERBB4),
roundabout guidance receptor 2 (ROBO2), cell adhesion mole-
cule 2 (CADM2), myocyte enhancer factor 2C (MEF2C), teneurin
transmembrane protein 2 (TENMZ2), brain-derived neurotrophic
factor (BDNF), transcription factor 4 (TCF4), and SEMAG6D (Fig-
ure S1B). Given the multifaceted roles of semaphorins in neural
development, we further investigated the pleiotropic effects of
SEMAG6D variants. To pathophysiologically annotate the genetic
variants of SEMA6D, we performed a phenome-wide associa-
tion study of the SEMA6D variant across 4,756 GWASs from
the GWAS atlas® and identified its significant effects on psychi-
atric (schizophrenia, attention-deficit hyperactivity disorder, and
neuroticism) and metabolic traits (BMI and fat percentage) (Fig-
ure 1A). In addition, ribonucleic acid sequencing (RNA-seq) of
postmortem brain tissues showed the downregulation of
SEMA6D in the amygdala of patients with schizophrenia
compared with that of healthy controls (Figure 1B), suggesting
that loss of function of SEMA6D is associated with
schizophrenia.

Sema6d~~ mice show increased anxiety-like behavior

Based on these findings, we investigated whether Sema6d™
mice exhibit behavioral alterations. We performed comprehen-
sive behavioral phenotyping to determine the role of SEMAGD
in anxiety-like, depression-like, and social behavior and sensori-
motor functions. The open-field (OF) test evaluates the tendency
of mice to avoid open spaces (central zone) and remain close to
the walls, which is an indicator of anxiety-like behavior.?***
Sema6d~'~ mice were less inclined to explore the central area
of the OF test chamber compared with wild-type (WT) mice,
and the total mobile distance and exploration time were signifi-
cantly decreased for Sema6d ™'~ mice during the test (Figure 1C).
In the elevated plus maze (EPM) test, mice naturally avoid unpro-
tected open arms and favor darker and safer enclosed arms,
which reflect the anxiety state.”>*> Sema6d~'~ mice exhibited
significantly decreased exploration times in the open arms of
the EPM test compared with WT mice (Figure 1D). Moreover,

/—

C

)
D)

Representative tracks, time spent in the center, travel distance, and mobile time of wild-type (WT) and Sema6d~'~ mice in the open-field test (OFT). n = 38.
Representative tracks and time spent in the open arm in the elevated plus maze (EPM) test. n = 27-29.

E) Definitions of social interaction and social avoidance zones (blue and pink rectangles, respectively).

ICR(+) — ICR(-)]) were analyzed. n = 5.

G) Performance in the forced swimming test. n = 9.
H) Spontaneous locomotor activities. n = 28.

(I) The latency time to fall in the rotarod test. n = 18.

(
(
(
(F) Levels of social interaction and social avoidance. The differences between the durations of the interaction or avoidance zone with and without ICR mice (ATime
[
(
(

Data are presented as mean + SEM except for (B). *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. n.s., not significant. Mann-Whitney test (B); unpaired two-

tailed Student’s t tests (C, D, and F-l).
See also Figure S1.
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Figure 2. HFD-fed Sema6d™'~ mice exhibit resistance to obesity, followed by enhanced myelopoiesis

WT and Sema6d '~ mice were fed CD or HFD for 12 weeks.

(A) Body weights. n = 8.

(B) Liver, epididymal white adipose tissue (€WAT), inguinal white adipose tissue (i\WAT), and brown adipose tissue (BAT) weights. n = 7-8.
(C) Representative hematoxylin and eosin (H&E) staining images of the liver, eWAT, iWAT, and BAT of HFD-fed WT and Sema6d /'~ mice. Scale bars, 200 pm.
(D) Representative fluorescence-activated cell sorting (FACS) plots of neutrophils in the peripheral blood.

(E) Proportions of neutrophils and Ly-6C" monocytes in the peripheral blood. n = 4-5.

(F) Representative FACS plots of CD41* LT-HSCs in the BM.

(G) The proportion of CD41* LT-HSCs (versus total LT-HSCs) in the BM. n = 5-10.

(H) Representative FACS plots of MyP subpopulations in the BM.

(I) Proportions of CMPs, GMPs, and MEPs (versus MyPs) in the BM. n = 5-10.

(J) Principal component analysis of RNA-seq profiles of MPPs.

(K) Heatmap of differentially expressed genes (|[FC| > 2, p < 0.05) in MPPs. Myeloid and lymphoid lineage-related genes are shown.

(legend continued on next page)
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Sema6d~'~ mice used less time in the social interaction zone
and more time in the social avoidance zone than the WT mice
during the social interaction test (Figures 1E and 1F). We as-
sessed behavioral immobility, termed “learned helplessness,”
using the forced swimming test to evaluate depression-like
behavior. Sema6d~'~ mice used less immobility time than the
WT mice (Figure 1G), indicating that loss of SEMAG6D induces
anxiety-like behavior. Although these tests are sensitive to over-
all changes in locomotion, Sema6d deficiency did not affect
spontaneous locomotion, motor coordination, and balance
(Figures 1H and 1l). Taken together, these observations indicate
that anxiety was elevated in Sema6d ™~ mice.

High-fat-diet-fed Sema6d™~" mice exhibit resistance to
obesity

Next, we investigated whether SEMAGD regulates systemic meta-
bolism and inflammatory responses. Since metabolic disorders
lead to the dysregulation of myelopoiesis and inflammatory re-
sponses,”®?? we used a high-fat diet (HFD)-induced obesity
model. Sema6d '~ mice showed markedly reduced HFD-induced
body mass gain compared with WT mice (Figure 2A), whereas the
body weights of Sema6d '~ mice were comparable to those of WT
mice that were fed a control diet (CD) (Figure S2A). Lipid absorption
and food consumption of Sema6d '~ mice were similar to those of
WT mice (Figures S2B and S2C). Sema6d '~ mice exhibited lower
liver, epididymal white adipose tissue (eWAT), inguinal WAT
(IWAT), and brown adipose tissue (BAT) weights than WT mice un-
der HFD conditions (Figure 2B). By contrast, no difference was
observed between WT and Sema6d '~ mice under CD conditions
(Figure 2B). Sema6d deletion attenuated HFD-induced hepatic
steatosis and adipocyte hypertrophy (Figures 2C and S2D). Like-
wise, plasma cholesterol levels in HFD-fed Sema6d~~ mice
were reduced compared with those in HFD-fed WT mice (Fig-
ure S2E). Sema6d '~ mice exhibited lower HFD-induced glucose
intolerance than WT mice (Figure S2F).

Given that SEMAGD is critical for the anti-inflammatory proper-
ties of macrophages,'” we examined whether Sema6d deficiency
affects the functions of adipose tissue macrophages (ATMs). Anti-
inflammatory CD206" ATMs maintain adipose tissue homeostasis,
whereas pro-inflammatory CD11c* ATMs expressing contribute to
obesity pathogenesis.>° Consistent with our previous study,'”
Sema6d '~ mice showed a smaller proportion of anti-inflamma-
tory CD206" ATMs than WT mice with CD (Figure S2G). By
contrast, HFD-fed Sema6d '~ mice exhibited a higher proportion
of anti-inflammatory CD206" ATMs than HFD-fed WT mice (Fig-
ure S2G), suggesting that loss of SEMAGD-mediated anti-inflam-
matory properties of ATMs is irrelevant to metabolic abnormalities
observed in HFD-fed Sema6d '~ mice.

HFD-fed Sema6d~~ mice exhibit enhanced myelopoiesis
Then, we investigated whether myelopoiesis was affected in
HFD-fed Sema6d~~ mice. HFD-fed Sema6d~'~ mice showed
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marked neutrophilia and monocytosis compared with HFD-fed
WT mice (Figures 2D and 2E). To investigate hematopoietic ad-
aptations in HFD-fed Sema6d '~ mice, we analyzed hematopoi-
etic progenitors (LSKs; Lin~c-Kit*Sca1*), long-term hematopoi-
etic stem cells (LT-HSCs; CD48 CD150" LSKs), multipotent
progenitors (MPPs; CD48*CD150~ LSKs), and myeloid progen-
itors (MyPs; Linc-Kit*Sca1™) in the bone marrow (BM). In Sem-
a6d~’~ mice, HFD increased the proportion of myeloid-biased
CD41* LT-HSCs (Figures 2F and 2G). Among MyPs of HFD-fed
Sema6d '~ mice, there was a high proportion of granulocyte/
macrophage progenitors (GMPs; CD16/32*CD34* MyPs) and
correspondingly a low proportion of megakaryocyte/erythrocyte
progenitors (MEPs; CD16/327CD34~ MyPs) (Figures 2H and 2I),
indicating enhanced myelopoiesis in Sema6d '~ mice.

To characterize the molecular mechanism for enhanced mye-
lopoiesis in HFD-fed Sema6d~'~ mice, we performed RNA-seq
of HSCs (CD48~ LSKs) and MPPs from WT and Sema6d '~
mice. Principal component analysis revealed that HFD-fed Sem-
a6d~’~ MPPs exhibited a molecular signature distinct from CD-
fed Sema6d~'~ MPPs (Figure 2J). By contrast, the expression
pattern of HFD-fed WT MPPs resembled that of CD-fed WT
MPPs (Figure 2J). Furthermore, the upregulation of myeloid line-
age markers, including elastase, neutrophil expressed (Elane),
colony-stimulating factor 2 receptor subunit beta (Csf2rb), and
myeloperoxidase (Mpo), and the downregulation of lymphoid
lineage markers, including interleukin 7 receptor (//7r), V-set
pre-B cell surrogate light-chain 1 (Vpreb1), recombination acti-
vating 1 (Rag7), and recombination activating 2 (Rag2), were
also observed in MPPs from HFD-fed Sema6d™~ mice (Fig-
ure 2K). Consistently, the myeloid lineage TCF CCAAT enhancer
binding protein epsilon (Cebpe) was upregulated in MPPs from
HFD-fed Sema6d ™'~ mice, whereas the lymphoid lineage TCF
RELB proto-oncogene, nuclear factor kB (NF-kB) subunit
(Relb) was downregulated (Figure 2K). mTOR activation and
the metabolic shift to oxidative phosphorylation promote HSC
differentiation.®’ Consistently, gene set enrichment analysis®***
revealed a significant positive correlation between mTORCH1
signaling and oxidative phosphorylation gene sets in HSCs of
HFD-fed Sema6d ™'~ mice (Figure 2L), suggesting that the Sem-
abd~’~ BM compartment is hypersensitive to HFD feeding by
increasing myelopoiesis and reprogramming transcription in
myeloid precursor cells. Therefore, SEMAGD plays a key role in
metabolic and inflammatory regulation under HFD conditions.

SEMAGD suppresses sympathetic outflow and 33-
adrenergic receptor signaling

Since the B3-adrenergic receptor (3-AR) signaling promotes
adipocyte lipolysis®* and myelopoiesis,>> we investigated
whether abnormal systemic metabolism and myelopoiesis in
Sema6d~'~ mice were due to increased sympathetic activity.
We performed RNA-seq on WT and Sema6d '~ epididymal ad-
ipocytes. HFD-fed Sema6d ™'~ adipocytes exhibited a molecular

(L) Gene set enrichment analysis for mTORCH signaling and oxidative phosphorylation in HSCs from WT and Sema6d '~ mice treated with HFD. NES, normalized

enrichment score. FDR, false discovery rate.

All data are presented as mean + SEM. *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001. n.s., not significant. Two-way ANOVA (A, B, E, G, and ).

See also Figure S2.
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signature distinct from that of HFD-fed WT adipocytes, whereas
the expression pattern of CD-fed Sema6d~'~ adipocytes was
similar to that of CD-fed WT adipocytes (Figure S2H). We identi-
fied 2,081 differentially expressed genes (DEGs) in adipocytes
from HFD-fed Sema6d~'~ mice compared with those from
HFD-fed WT mice (Figures S2I and S2J). Pathway analysis
based on the Kyoto Encyclopedia of Genes and Genomes data-
base®® demonstrated that the pathways involved in lipid meta-
bolism, including lipolysis, were overrepresented in the upregu-
lated genes (Figure S2K). By contrast, pathways involved in cell
proliferation were overrepresented in the downregulated genes
(Figure S2K), indicating that the deletion of Sema6d enhances
catabolic responses in adipocytes under HFD conditions.

To determine whether abnormal $3-AR signaling is relevant to
altered metabolism and hematopoiesis in Sema6d /'~ mice, we
generated Adrb3~/~Sema6d '~ mice (Figures S2L-S2N). HFD-
fed Adrb3~/~Sema6d ™'~ mice showed increased weight gain,
hepatic steatosis, and eWAT hypertrophy compared with HFD-
fed Sema6d '~ mice (Figures 3A-3C). Moreover, Adrb3 ablation
ameliorated the myeloid skewing of LT-HSCs and MyPs
(Figures 3D-3G). These results suggest that abnormal sympa-
thetic outflow and B3-AR signaling were responsible for the
metabolic and inflammatory phenotypes observed in HFD-fed
Sema6d~'~ mice.

SEMAG6D-PLXNA4 signaling axis couples systemic
metabolism and myelopoiesis

Plexins function as semaphorin receptors that transduce signals
in multiple cellular processes, either alone or in complex with neu-
ropilins. Given that SEMAGD interacts with PLXNA4 in macro-
phages,'” we investigated whether PLXNA4 was relevant to the
metabolic and hematopoietic effects of SEMA6D. HFD-fed
Pixna4~'~ mice exhibited reduced obesity, hepatic steatosis,
and adipocyte hypertrophy compared with HFD-fed WT mice
(Figures 3H-3J). Moreover, HFD treatment was associated with
an enhanced myelopoiesis of Plxna4~'~ mice (Figures 3K-30).
Collectively, these data indicate that the SEMABD-PLXNA4
signaling axis couples systemic metabolism and myelopoiesis.

¢? CellPress

OPEN ACCESS

SEMAGD expressed in non-hematopoietic cells
regulates systemic metabolism and myelopoiesis

To determine whether SEMABD expression in peripheral im-
mune cells affects systemic metabolism and myelopoiesis,
we generated BM chimeric mice by crisscross transplantation.
We transferred either WT or Sema6d~'~ hematopoietic cells
into lethally irradiated WT or Sema6d~'~ mice (WT—WT,
WT —Sema6d~'~, Sema6d~'~—WT, Sema6d~’~— Sema6d~"").
HFD-induced obesity was significantly reduced in mice lacking
Sema6d in all tissues (Sema6d '~ —Sema6d ") and in those
with non-hematopoietic cells only (WT—Sema6d ") (Figure
4A). By contrast, WT mice harboring Sema6d—'~ hematopoietic
cells (Sema6d~~—WT) were vulnerable to HFD-induced
obesity (Figure 4A). Sema6d deficiency in non-hematopoietic
cells resulted in smaller liver, eWAT, iWAT, and BAT weights
under HFD conditions (Figure 4B). Consistently, Sema6d defi-
ciency in non-hematopoietic cells remarkably attenuated
HFD-induced hepatic steatosis and adipocyte hypertrophy
(Figures 4C-4E). Moreover, HFD-fed WT—Sema6d '~ mice
showed enhanced myelopoiesis compared with HFD-fed
WT —WT mice, whereas HFD-fed Sema6d '~ —WT mice did
not exhibit such a phenotype (Figures 4F-4l). These results
indicate that non-hematopoietic SEMAGBD is responsible for
metabolic and hematopoietic adaptations under HFD
conditions.

SEMAGD in neurons orchestrates anxiogenic and
autonomic responses

In addition to immune cells, other types of cells, including neural,
endothelial, and mesenchymal cells, express SEMA6D. To
determine the role of SEMAGD in endothelial and mesenchymal
cells in systemic metabolism, we generated a knock-in mouse
strain carrying a loxP-flanked (floxed) Sema6d allele (Figure S3A)
and deleted Sema6d in endothelial and mesenchymal cells by
breeding VEcad-CrefF™? or Prx1-Cre mice with Sema6d™"
mice (Sema6d“E°? and Sema6d“F™’ respectively). As a result,
Sema6d?t@ and Sema6d“™™" mice were vulnerable to HFD-
induced obesity (Figures S3B-S3E), indicating that endothelial

Figure 3. SEMA6D-PLXNA4 signaling axis suppresses sympathetic outflow and B3-AR signaling

(A-G) Sema6d '~ and Adrb3~/~Sema6d '~ mice were fed HFD for 16 weeks.
(A) Body weights. n = 4-6.
B) Liver and eWAT weights. n = 4-6.

C) Representative H&E-stained images of the liver and eWAT. Scale bars, 200 um.

D) Representative FACS plots of CD41* LT-HSCs in the BM.

E) The proportion of CD41* LT-HSCs (versus total LT-HSCs) in the BM. n = 4-6.

G) Proportions of CMPs, GMPs, and MEPs (versus MyPs) in the BM. n = 4-6.

H-0) WT and Pixna4~'~ mice were fed HFD for 15 weeks.
H) Body weights. n = 4.

(
(
(
(
(F) Representative FACS plots of MyP subpopulations in the BM.
(
(
(
() Liver, eWAT, iWAT, and BAT weights. n = 6.

(J) Representative H&E-stained images of the liver, eWAT, iWAT, and BAT. Scale bars, 200 um.

K) Representative FACS plots of CD41* LT-HSCs in the BM.

L) The proportion of CD41* LT-HSCs (versus total LT-HSCs) in the BM. n = 5-6.

N) Representative FACS plots identifying neutrophils in the peripheral blood.

(
(
(M) Proportions of CMPs, GMPs, and MEPs in the BM. n = 5-6.
(
(O) Proportions of neutrophils in the peripheral blood. n = 5-6.

All data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001. n.s., not significant. Two-way ANOVA (A and H); unpaired two-tailed Student’s t tests (B,

E, G, |, L, M, and O).
See also Figure S2.
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or mesenchymal SEMAGD is not involved in regulating systemic
metabolism.

To define the role of SEMAGD in the brain, we generated Sem-
a6dES-Cre/* mice with an internal ribosome entry site (IRES) and
Cre recombinase in the Sema6d 3'-UTR (Figure S4A). We
crossed Sema6d’"ES €+ mice with a Cre-dependent ZsGreen'
reporter line, Ai6,°" to visualize SEMAG6D-expressing cells.
Microscopic analysis revealed that SEMA6D was mainly ex-
pressed in neurons and microglia (MG) in the brain (Figure 5A).
To determine the cellular source of SEMA6D responsible for
regulating anxiogenic and autonomic responses, we deleted
Sema6d in neurons and MG by breeding Tau- or Cx3cr1-Cre
mice with Sema6d™” mice (Sema6d“™" and Sema6d4c**c"?
respectively) (Figures S4B and S4C). As was the case for Sem-
abd~'~ mice, Sema6d“™ mice exhibited reduced exploration
time in the OF test and decreased exploration time in the open
arms of the EPM test compared with control mice, indicating
that neural SEMAG6D is responsible for regulating anxiety
(Figures 5B and 5C). Since microglial inflammation affects
behavioral responses,®® we examined anxiogenic responses in
Semabd“®*3°" mice. The OF and EPM tests revealed no altered
anxiety-like behaviors in Sema6d““**¢"" mice compared with
control mice, indicating that microglial SEMAGD is irrelevant to
behavioral regulation (Figures S4D and S4E). Furthermore,
HFD-fed Sema6d“™“ mice exhibited reduced obesity, hepatic
steatosis, and adipocyte hypertrophy (Figures 5D-5F), followed
by marked neutrophilia, compared with HFD-fed control mice
(Figure 5G). By contrast, Sema6d“°**°"! mice were vulnerable
to HFD-induced obesity (Figure S4F). These results indicate
that SEMAGD in neurons but not in MG plays a key role in regu-
lating anxiogenic and autonomic responses.

Considering that the Tau-Cre mouse line exhibits Cre recom-
binase activity in neurons from most of the central nervous sys-
tem,®® we next deleted Sema6d in particular brain regions,
including the hypothalamus and cortex, by breeding LepR-Cre
mice with Sema6d™" mice (Sema6d-*R)*° (Figure S4G). Sem-
a6d“LePR mice exhibited unaltered anxiety-like behaviors and
HFD-induced obesity compared with control mice (Figures
S4H and $S4l), indicating that hypothalamic and cortical
SEMAGD are irrelevant to anxiogenic and autonomic responses.

SEMAG6D maintains neural connectivity in the amygdala

To examine the global effects of Sema6d deficiency in the brain,
we next performed spatial transcriptomics on brain sections
from WT and Sema6d ™~ mice using Visium from 10x Geno-
mics. We detected 61,863 + 27,813 (WT) and 19,347 + 10,575
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(Sema6d ") unique molecular identifiers (UMIs), and 9,206 +
984 (WT) and 5,987 + 1,415 (Sema6d ") unique genes per
spot (Figure S5A). The 8,381 transcriptomic profiles (WT 3,981
spots versus Sema6d '~ 4,400 spots) clustered according to
brain regions using uniform manifold approximation and projec-
tion (UMAP) (Figures 6A and 6B). The spots of WT and Sema6d '~
mice largely overlapped, indicating that loss of SEMAGD did not
perturb gross structural and transcriptional profiles of the brain
(Figures 6B, S5B, and S5C).

To directly identify brain regions that function as interoceptive
sites to coordinate anxiogenic and autonomic responses via
SEMAGD, we queried Sema6d and Plxna4 expression in the
brain using our Visium dataset. Although Sema6d was ex-
pressed widely in the brain, Plxna4 expression was restricted
to specific regions, such as the amygdala and hippocampus
(Figure 6C). We also validated the expression of Sema6d and
PlIxna4 using in situ hybridization methods. RNAscope revealed
that Sema6d was highly expressed in the inhibitory neurons
(INs) of the central amygdala (CeA), whereas Plxna4 was selec-
tively expressed in the basolateral amygdala (BLA), showing a
complementary expression profile (Figure 6D). Given that CeA
regulates autonomic and behavioral functions related to fear,
pain, and stress,”>*"%? we chose to focus on the amygdala.

To gain insights into the molecular pathways downstream of
SEMAGD in the amygdala, we performed single-nucleus RNA-
seq (snRNA-seq) on nuclei isolated from the amygdala of WT
and Sema6d ™'~ mice using the 10x Genomics platform. After
quality control filtering, we retained 17,656 nuclei (WT 10,143
nuclei versus Sema6d~’~ 7,509 nuclei). On unsupervised clus-
tering, the nuclei were separated into 25 cell types: INs (10,123
nuclei; IN1-9), excitatory neurons (2,991 nuclei; EN1-8), cholin-
ergic neurons (132 nuclei; CN), MG (352 nuclei), astrocytes
(1,581 nuclei; ASCs), oligodendrocytes (1,798 nuclei; ODC1-2),
oligodendrocyte progenitor cells (370 nuclei; OPC), and endo-
thelial cells (309 nuclei; END1-2), as classified by the gene
expression of cell-type markers (Figures 6E and S6A). Each of
the 25 clusters was detected in the WT and Sema6d '~ samples
(Figures S6B and S6C). To spatially define these clusters, we in-
tegrated our Visium and snRNA-seq datasets. Sic17a7 and
Rspo2 are highly expressed in the BLA, while Gad2 and Tac2
show region-specific expression in the CeA.**~*° Based on the
expression of these marker genes, we assigned the Visium spots
to the BLA and CeA (Figure S6D). By creating modules for the
BLA and CeA from our Visium experiments, we approximated
the location of each snRNA-seq cell cluster in the BLA and
CeA. This approach revealed that EN and IN clusters resided

Figure 4. SEMAG6D expressed in non-hematopoietic cells regulates systemic metabolism and myelopoiesis

Bone marrow chimera mice were fed HFD for 12 weeks.
A) Body weights. n = 6.
B) Liver, eWAT, iWAT, and BAT weights. n = 6-7.

C) Representative H&E-stained images of the liver, eWAT, iWAT, and BAT. Scale bars, 200 um.
D) Representative gross morphology of the liver, eWAT, iWAT, and BAT. Scale bars, 1 cm.

F) Representative FACS plots of MyP subpopulations in the BM.
G) Proportions of CMPs, GMPs, and MEPs (versus MyPs) in the BM. n = 4-6.
H) Representative FACS plots identifying neutrophils in the peripheral blood.

(
(
(
(
(E) eWAT and iWAT adipocyte sizes (area per adipocyte, um?). n = 6-7.
(
(
(
(I) Proportions of neutrophils in the peripheral blood. n = 4-6.

All data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001. n.s., not significant. Two-way ANOVA (A); one-way ANOVA (B, E, G, and I).
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Figure 5. Neuron-derived SEMAG6D plays an essential role in anxiogenic and autonomic responses

(A) A representative cortex image from a Sema6d€5-¢*;Ai6 mouse. White arrows indicate positive staining for SEMA6D* neurons and microglia. Scale
bars, 5 um.

(B) Representative tracks, time spent in the center, travel distance, and mobile time of Sema6d” and Sema6d“™" mice in OFT. n = 14-15.

(C) Representative tracks and time spent in the open arm of Sema6d” and Sema6d“™“ mice in the EPM test. n = 14-15.

(D-G) Sema6d" and Sema6d“™" mice were fed an HFD for 12 weeks.

(D) Body weights. n = 6-7.

(E) Liver, eWAT, iWAT, and BAT weights. n = 6-7.

(F) Representative H&E-stained images of the liver, eWAT, iWAT, and BAT. Scale bars, 200 pm.

(G) Proportions of neutrophils in the peripheral blood. n = 6-7.

All data are presented as mean + SEM. *p < 0.05, *p < 0.01, **p < 0.001. n.s., not significant. Unpaired two-tailed Student’s t test (B, C, E, and G); two-way
ANOVA (D).

See also Figures S3 and S4.
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Figure 6. SEMAG6D constructs neural circuits in the amygdala
(A-C) The brains of WT and Sema6d~'~ mice were analyzed using Visium.
(A) UMAP visualization of the four brain sections, where dots correspond to an individual spot of a Visium Spatial Gene Expression Slide capture area.

(legend continued on next page)
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mainly in the BLA and CeA, respectively, while MG, ASC, ODC,
OPC, and END clusters were distributed equally between the
BLA and CeA (Figure 6F).

To understand how individual clusters respond to Sema6d
deficiency, we next identified the DEGs of each cell type.
Sema6d deletion affected the transcriptomic profiles of IN, EN,
ODC, ASC, and END clusters (Figure 6G). Sema6d and PIxna4
were primarily expressed in the IN and EN clusters, respectively,
whereas the ODC, ASC, and END clusters exhibited lower levels
of Sema6d or Plxna4 expression (Figure S6E). This complemen-
tary expression pattern of Sema6d and Plxna4 suggests that
SEMAGBD-PLXNA4 signaling mediates the crosstalk between
inhibitory and ENs. CeA neurons project to the sympathetic pre-
motor neurons in the rostral ventrolateral medulla (RVLM), which
in turn project to sympathetic preganglionic neurons and tightly
regulate sympathetic outflow from the brain.**™*® M-current
through Kv7 channel in CeA-RVLM projecting neurons sup-
presses excessive sympathetic outflow.”® We found that loss
of Sema6d markedly suppressed the expression of Kcng3,
which encodes Kv7.3, in the EN and IN clusters (Figure S6F),
suggesting that altered CeA-RVLM neural transmission causes
enhanced sympathetic outflow in Sema6d~'~ mice. Further-
more, DEGs in the EN and IN clusters were enriched in synaptic
responses, such as synaptic LT potentiation/depression, synap-
togenesis, glutamate receptor signaling, and GABA receptor
signaling (Figures 6H and 6l). These results suggest that
SEMAGD maintains neural connectivity in the amygdala.

We next examined the effect of Sema6d deficiency on neural
connectivity in the amygdala by analyzing ligand-receptor inter-
actions using CellPhoneDB.*° In WT and Sema6d~—'~ samples,
the interaction between EN and IN clusters was predominant
(Figure 6J). Loss of Sema6d decreased the overall interactions
of EN populations with IN populations (Figure 6K). To directly
examine whether Sema6d deficiency affects neural projections
from the BLA to the CeA, we injected a retrograde tracer, cholera
toxin subunit B (CTB), into the CeA. We found no difference be-
tween WT and Sema6d~'~ mice in the labeling of BLA neurons
(Figure S6G). These results suggest that SEMA6D is important
not for neural projections but for proper signal transduction in
the amygdala.

SEMAGD regulates synaptic maturation and GABAergic
transmission in the amygdala

We further examined the roles of SEMA6D in synaptic re-
sponses. We performed Golgi staining on WT and Sema6d ™'~

Neuron

BLA pyramidal neurons to assess the spine morphology. Golgi
staining revealed an increase in synaptic density driven by the
retention of immature long thin spines in Sema6d~'~ BLA pyra-
midal neurons (Figures 7A and 7B). Consistent with the altered
spine morphology in Sema6d~~ BLA pyramidal neurons,
Sema6d deficiency resulted in the decreased expression of
postsynaptic markers, such as Dig4 and CamkZ2a, in EN clusters
(Figure 7C). On the other hand, loss of SEMAGD did not affect the
dendritic branching of BLA pyramidal neurons (Figures S7A and
S7B). We also examined whether loss of Sema6d impairs signal
transduction by neurotransmitters. Given the essential role of
GABA in regulating anxiety and sympathetic activity,”" we quan-
tified the levels of GABA in WT and Sema6d '~ brains. Imaging
mass spectrometry revealed that Sema6d deficiency decreased
GABA levels in several brain regions, especially CeA
(Figures 7D-7F). By contrast, loss of SEMA6D did not affect
glutamate levels in each brain region, including BLA
(Figures S7C-ST7E). Sema6d deletion did not alter the expression
of Gad1 and Gad2, which encode the GABA synthetic enzymes,
in IN clusters (Figure 7G). On the other hand, Sema6d deficiency
upregulated the expression of Sic6a1, which encodes the GABA
transporter, in ASC, CN, IN, and ODC clusters (Figure 7G). To
determine whether defective GABAergic transmission is related
to elevated anxiety in Sema6d '~ mice, we administered diaz-
epam, a positive allosteric modulator of the GABA, receptor,
to Sema6d™'~ mice. The treatment reduced anxiety levels in
these mice (Figure 7H). To directly determine whether amygdalar
SEMAGD is involved in the regulation of anxiety and systemic
metabolism, we stereotaxically injected AAV8-hSyn-GFP or
AAV8-hSyn-Cre-GFP into the CeA of Sema6d™" mice. CeA-spe-
cific loss of SEMAGD reduced the exploration time in the OF test
and mitigated HFD-induced obesity, indicating that amygdalar
SEMAGD is responsible for regulating anxiety and systemic
metabolism (Figures 71-7K and S7F). Thus, these results impli-
cate amygdalar SEMAGD signaling in acquiring mature synaptic
functions via spine formation and GABAergic transmission.

DISCUSSION

Our data demonstrate that amygdalar SEMAGD regulates neural,
metabolic, and inflammatory outputs by maintaining synaptic re-
sponses, thereby presenting a critical association between brain
function and peripheral neural-metabolic-immune interactions.
Although previous studies focused on the peripheral crosstalk
among the neural, metabolic, and immune systems and

(B) Spatial location of each cluster in Visium data.
(C) Spatial expression of Sema6d and Plxna4 in WT brain.

(D) Representative images of RNAscope with Sema6d, Pixna4, and Gad2 probes in the amygdala of WT mice. CeA, the central amygdala; BLA, the basolateral

amygdala; Scale bars, 500 pm.

(E-K) The amygdalae of WT and Sema6d~'~ mice were analyzed using snRNA-seq.

(E) UMAP visualization: dots correspond to individual nuclei for 17,656 nuclei profiled using snRNA-seq. INs, inhibitory neurons; ENs, excitatory neurons; CNs,
cholinergic neurons; MG, microglia; ASCs, astrocytes; ODCs, oligodendrocytes; OPCs, oligodendrocyte progenitor cells; ENDs, endothelial cells.

(F) Spatial distribution of cell types defined by snRNA-seq mapped on a Visium slide.

(G) The number of DEGs for all cell clusters in the comparison between Sema6d '~ and WT mice.

(H and I) Top canonical pathways enriched by DEGs from Sema6d "~ EN (H) and IN (I).

(J and K) Heatmap showing the number of potential ligand-receptor pairs among the predicted cell types in each genotype (J) and the difference between WT and

Sema6d ™'~ brains (K).
See also Figures S5 and S6.
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established the concepts of “neuroinflammation” and “immuno-
metabolism,” how the body detects and modulates the balance
of this crosstalk has not yet been clarified.

Given that the central nervous system, including the brain, in-
tegrates external stimuli and coordinates the activity of the whole
body, the question arises as to whether and how the brain regu-
lates peripheral neural-metabolic-immune interactions. We
focused here on the amygdala function, a critical brain region
that regulates autonomic and behavioral responses related to
fear, pain, and stress. When activated by emotional stimuli,
such as fear and stress, the amygdala sends action potentials
to efferent neurons that project to the brainstem and instigate
a sympathetic response, promoting myelopoiesis in the BM
and the development of atherosclerosis. Heightened amygdala
activity due to psychosocial stress is related to cardiovascular
disease events that are mediated by increased BM activity and
arterial inflammation in humans.®>*® However, the molecular
machinery that regulates sympathetic outflow from the amyg-
dala remains largely unknown. Our data suggest that
SEMAGBD-PLXNA4 signaling units between the CeA INs and
BLA ENs are essential for maintaining the integrity of amygdalar
neural circuits related to sympathetic responses. Notably, we
found that SEMAGD regulated sympathetic outflow by maintain-
ing GABAergic transmission. This finding is consistent with a
previous report that impaired GABAergic transmission in the
amygdala due to the loss of BDNF causes increased anxiety
and sympathetic activity.' Since BDNF and semaphorin 7A
share a common signaling pathway for synapse elimination in
the cerebellum,®* there may be a functional crosstalk between
BDNF and SEMAGD in the amygdala. Although our transcrip-
tomic data revealed that Sema6d deficiency upregulated the
expression of GABA transporter in several types of cells, further
studies are required to determine the mechanism for GABA
reduction by Sema6d deficiency. Our data showed that systemic
administration of diazepam mitigated anxiety in Sema6d ™'~
mice. Given that SEMAGD is widely expressed in the brain, this
experiment does not rule out the possibility that the effects of
diazepam are carried out in brain regions other than the amyg-
dala. However, our CeA-specific Sema6d deletion experiments

Neuron

strongly indicate that the amygdala is the principal brain region
that regulates anxiety via SEMA6D-mediated GABAergic
signaling. Given that diazepam stimulates feeding,® it is difficult
to assess the effects of diazepam on HFD-induced obesity inde-
pendently from appetite regulation. Further studies are required
to determine the effects of LT restoration of GABAergic signaling
on metabolic defects in Sema6d ™'~ mice.

Our findings also have clinical implications for pathologies of
psychiatric diseases with metabolic and inflammatory complica-
tions. Although both weight gain and loss are associated with
mental disorders, such as anxiety and depression,”®™° the
detailed molecular mechanism of this relationship has not been
fully characterized. Previous GWASSs revealed the genetic contri-
bution of SEMA6D mutations to psychiatric diseases and traits,
such as schizophrenia, attention-deficit hyperactivity disorder,
and neuroticism.'®2° However, other roles of SEMA6D in the
brain have not been reported, except for regulating the contralat-
eral projections of retinal axons."" Here, we demonstrated that
the loss of Sema6bd causes impaired synaptic maturation and
GABAergic transmission in the amygdala, resembling the pathol-
ogy of schizophrenia. The ratio of excitatory to inhibitory synap-
ses is fairly constant across different brain regions, showing the
maintenance of excitatory/inhibitory synaptic balance in the gen-
eration and maturation of functional neural circuits.®>°" Howev-
er, this synaptic homeostasis is perturbed in pathological condi-
tions.®%® Schizophrenia is attributed to synaptic dysfunction,
including altered synaptic formation and plasticity. Reduced
spine density and increased immature spines were observed in
patients with schizophrenia.®? In addition, an imbalance between
glutamatergic and GABAergic signaling was reported in patients
with schizophrenia.®® Considering the increased number of
immature spines and decreased levels of GABA in Sema6d '~
mice, SEMAG6D is a potential therapeutic target for schizo-
phrenia. Autonomic and immune abnormalities were also impli-
cated in schizophrenia,®* "’ yet it remains unknown whether an
upstream regulator of these abnormalities exists. Our findings
revealed that the loss of Sema6d is sufficient to cause autonomic
and immune dysfunctions, implying the importance of SEMA6D
signaling in the pathogenesis of schizophrenia.

Figure 7. SEMAG6D regulates synaptic maturation and GABAergic transmission
(A and B) WT and Sema6d "~ mice were assessed for neuronal synapses in the BLA pyramidal neurons.
(A) Representative dendritic segments. Arrows and arrowheads indicate mature and immature spines, respectively. Scale bars, 5 um.

(B) Spine density. n = 9-11.

(C) Violin plots of postsynaptic markers for the EN cluster.

(D-F) Imaging mass spectrometry of GABA in WT and Sema6d
(D) Obtained product ion spectra.

ya

(E) Representative images of GABA distribution in the brains. Scale bars, 1 mm.

mice brains.

(F) GABA levels in the brain regions. n = 3; mean and 95% confidence interval (95% ClI).
(G) Violin plots showing the expression of Gad7, Gad2, and Sic6a1 in each cell cluster.
(H) Semabd '~ mice were intraperitoneally administered the vehicle or diazepam 30 min before the EPM test. Representative tracks and time spent in the open

arm in the EPM test. n = 9-10.

(I-K) Sema6d™" mice were bilaterally injected with AAV8-hSyn-GFP or AAV8-hSyn-Cre-GFP into the CeA.
(I) A representative image showing AAV8-hSyn-GFP infection in the CeA. Scale bars, 500 pm.

(J) Representative images of RNAscope with Sema6d (magenta) and Gad2 (white) probes and GFP (green) in the CeA of AAV-injected Sema6

" mice. Mean

pixel intensities per CeA Gad2* neurons of AAV-injected Sema6d™" mice are plotted for Sema6d. Scale bars, 10 um. n = 50.

(K) Representative tracks and time spent in the center in OFT. n = 11-16.

Data are presented as mean + SEM except for (F). *p < 0.05, **p < 0.01, ***p < 0.0001. n.s., not significant. Unpaired two-tailed Student’s t tests (B, C, G, H, J,

and K).
See also Figure S7.
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Rare variants of PLXNA4 are associated with human obesity.®®
These mutations reduced cell-surface expression of PLXNA4
in vitro, suggesting that reduced PLXNA4 signaling is associated
with childhood obesity. By contrast, our data showed that com-
plete deletion of PLXNA4 caused resistance to HFD-induced
obesity. This contradiction could be due to several factors. The
found rare variants were not statistically significant at the single
gene level, indicating that we cannot estimate the burden of
these variants in obesity with the current sample size. In addition,
type-A PLXNs exhibit dual activities depending on the presence
of neuropilin expression.®®

Our results suggest that biphasic SEMAG6D signaling coordi-
nates the spatiotemporal regulation of inflammation. We previ-
ously revealed that mTOR-mediated induction of immune
SEMAGD is essential for anti-inflammatory polarization of macro-
phages, leading to the suppression of local inflammation.'”
Here, we showed that neural SEMAGBD regulates systemic he-
matopoietic responses under metabolic stress by tuning sympa-
thetic signaling. Thus, SEMAGBD orchestrates the immune sys-
tem in a dual manner: (1) by promoting anti-inflammatory
macrophage production in an immune cell-intrinsic manner to
suppress local and acute inflammatory responses and (2) by
modulating sympathetic outflow in an immune cell-extrinsic
manner to suppress systemic and chronic inflammatory re-
sponses. Loss of Sema6d resulted in suppressed recruitment
of inflammatory ATMs, indicating that immune SEMAG6D
signaling is not involved in coupling systemic metabolism and
myelopoiesis. This phenomenon suggests that immune and neu-
ral SEMAGD signaling pathways are independently regulated in
the HFD-induced obesity model. Given that a wide range of cells
expresses SEMAGD, these two types of signaling may collabora-
tively maintain inflammatory responses in other conditions.
Further studies are required to reveal the overlap of the two
SEMAGD signaling modes.

In conclusion, our study illustrates a previously unknown
mechanism of brain-mediated coupling of the neural, metabolic,
and inflammatory responses. Defective SEMAGD signaling leads
to perturbed neural activity in the amygdala, followed by
abnormal emotional, metabolic, and hematopoietic responses.
Thus, this study adds another perspective to the understanding
of neural-metabolic-immune interactions and, presumably, an
avenue for therapeutic intervention in psychiatric, metabolic,
and inflammatory diseases through augmenting SEMA6D
signaling by microinjection of its mMRNA or recombinant proteins.
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Alexa 647 anti-rabbit Invitrogen Cat# A21246; RRID: AB_2535814

Armenian hamster anti-mouse CD11c¢ (clone HL3)
Armenian hamster anti-mouse CD48 (clone HM48-1)
Donkey anti-sheep IgG (H+L) Alexa Fluor 555
Mouse anti-mouse CD45.1 (clone A20)

Mouse anti-mouse CD45.2 (clone 104)

Mouse Lineage Antibody Cocktail

Mouse anti-NeuN (clone A60)

Rabbit anti-GFAP

Rabbit anti-lba1

Rabbit anti-NeuN

Rabbit monoclonal anti-B-Actin (clone 13E5)
Rabbit polyclonal anti-beta 3 adrenergic receptor
Rat anti-mouse/human CD11b (clone M1/70)

Rat anti-mouse CD16/CD32 (clone 2.4G2)

Rat anti-mouse CD16/CD32 (clone 93)

Rat anti-mouse CD31 (clone MEC13.3)

Rat anti-mouse CD34 (clone RAM34)

Rat anti-mouse CD41 (clone MWReg30)

Rat anti-mouse CD45 (clone 30-F11)

Rat anti-mouse CD117 (c-Kit) (clone 2B8)

Rat anti-mouse CD135 (FIt3) (clone A2F10)

Rat anti-mouse CD140b (PDGFR-p) (clone APB5)

Rat anti-mouse CD150 (SLAM)
(clone TC15-12F12.2)

Rat anti-mouse CD206 (MMR) (clone C068C2)
Rat anti-mouse F4/80 (clone BM8)

Rat anti-mouse Ly-6A/E (Sca-1) (clone D7)
Rat anti-mouse Ly-6C (clone HK1.4)

Rat anti-mouse Ly-6G (clone 1A8)

Rat anti-mouse TER-119 (clone TER-119)

BD Pharmingen
BioLegend
ThermoFisher Scientific
BioLegend
BioLegend

BD Pharmingen
Sigma-Aldrich
BioLegend

Wako

Abcam

Cell Signaling Technology
Abcam

BioLegend

BD Pharmingen
BioLegend
BioLegend

BD Pharmingen
BioLegend

TONBO biosciences
BioLegend
BioLegend
BioLegend
BioLegend

BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend

Cat# 553801; RRID: AB_396683
Cat# 103403; RRID: AB_313018
Cat# A-21436; RRID: AB_2535857
Cat# 110706; RRID: AB_313495
Cat# 109805; RRID: AB_313442
Cat# 561317; RRID: AB_10612020
Cat# MAB377; RRID: AB_2298772
Cat# PRB-571C; RRID: AB_2565444
Cat# 019-19741; RRID: AB_839504
Cat# ab177487; RRID: AB_2532109
Cat# 5125; RRID: AB_1903890
Cat# ab94506; RRID: AB_10863818
Cat# 101211; RRID: AB_312794
Cat# 553142; RRID: AB_394656
Cat# 101305; RRID: AB_312804
Cat# 102510; RRID: AB_312917
Cat# 562608; RRID: AB_11154576
Cat# 133927; RRID: AB_2572131
Cat# 60-0451; RRID: AB_2621848
Cat# 105811; RRID: AB_313220
Cat# 135309; RRID: AB_1953264
Cat# 136005; RRID: AB_1953270
Cat# 115925; RRID: AB_10896787

Cat# 141717; RRID: AB_2562232
Cat# 123116; RRID: AB_893481
Cat# 108107; RRID: AB_313344
Cat# 128031; RRID: AB_2562177
Cat# 127615; RRID: AB_1877272
Cat# 116228; RRID: AB_893636

Bacterial and virus strains

AAV-Synapsin-GFP (AAV Serotype 8)
AAV-Synapsin-Cre-GFP (AAV Serotype 8)

SignaGen Laboratories
SignaGen Laboratories

Cat# SL100838
Cat# SL100883

Chemicals, peptides, and recombinant proteins

1,5-Diaminonaphthalene (1,5-DAN)
2,5-Dihydroxybenzoic acid (2,5-DHB)
4-(anthracene-9-yl)-2-Fluoro-1-methyl
pyridine-1-ium iodide (FMP-10)
7-Chloro-1-methyl-5-phenyl-3H-1,4-
benzodiazepine-2(1H)-one (diazepam)

Sigma-Aldrich
Sigma-Aldrich
Tag-ON

Sigma-Aldrich

Cat# D21200
Cat# 841745
Cat# T1001

Cat# D0899

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Blocker™ Casein in PBS ThermoFisher Scientific Cat# 37582
Cholera Toxin Subunit B (Recombinant), ThermoFisher Scientific Cat# C34777

Alexa Fluor™ 594 Conjugate

Corn ol Sigma-Aldrich Cat# C8267

DAPI Solution Thermo fisher Cat# 62248

FD Rapid GolgiStain™ Kit FD NeuroTechnologies Cat# PK401
Fluoromount™ Diagnostic BioSystems Cat# K024

Olive oil Wako Cat# 150-00276
OPAL 520 REAGENT PACK Akoya Biosciences Cat# FP1487001KT
OPAL 570 REAGENT PACK Akoya Biosciences Cat# FP1488001KT
OPAL 690 REAGENT PACK Akoya Biosciences Cat# FP1497001KT
RNAscope(R) Multiplex Fluorescent Advanced Cell Cat# 323100

Reagent Kit v2

RNAscope(R) Target Probe-
Mm-Gad2-C3, Mouse

RNAscope(R) Target Probe-
Mm-PIxna4-C2, Mouse

RNAscope(R) Target Probe-
Mm-Rbfox3-C3, Mouse

RNAscope(R) Target Probe-
Mm-Sema6d-C1, Mouse

RNAscope(R) Target Probe-
Mm-Sema6d-0O1-C1, Mouse

Sodium azide

Tamoxifen

Triton X-100

Type | collagenase

RIPA Buffer

4%-Paraformaldehyde Phosphate Buffer Solution

Diagnostics, Inc.
Advanced Cell
Diagnostics, Inc.
Advanced Cell
Diagnostics, Inc.
Advanced Cell
Diagnostics, Inc.
Advanced Cell
Diagnostics, Inc.

Advanced Cell
Diagnostics, Inc.

Wako
Sigma-Aldrich
Nacalai Tesque
Gibco

Nacalai Tesque
Nacalai Tesque

Cat# 439371-C3

Cat# 515491-C2

Cat# 313311-C3

Cat# 565871

Cat# 1255981-C1

Cat# 195-11092
Cat# T5648
Cat# 35501-02
Cat# 17100017
Cat# 08714-04
Cat# 09154-85

Critical commercial assays

Chromium Next GEM Single Cell 3' GEM,
Library & Gel Bead Kit v3.1

Chromium Nuclei Isolation Kit
with RNase Inhibitor

LIVE/DEAD™ Fixable Aqua Dead Cell
Stain Kit, for 405 nm excitation

LIVE/DEAD™ Fixable Violet Dead Cell
Stain Kit, for 405 nm excitation

Myelin removal beads

Neural Tissue Dissociation Kit (P)
PowerUp™ SYBR® Green Master Mix
QuantiFast Multiplex PCR Kit

RNeasy Plus Mini Kit

SuperScript® IV Reverse Transcriptase
TruSeq® Stranded mRNA Library Prep

Visium Spatial for FFPE Gene Expression Kit,
Mouse Transcriptome

10x Genomics

10x Genomics

Invitrogen

Invitrogen

Miltenyi Biotec

Miltenyi Biotec
ThermoFisher Scientific
Qiagen

Qiagen

ThermoFisher Scientific
lllumina

10x Genomics

Cat# 1000128

Cat# 1000494

Cat# L34957

Cat# L34955

Cat# 130-096-733
Cat# 130-092-628
Cat# A25741

Cat# 204757

Cat# 74136

Cat# 18090010
Cat# 20020594
Cat# 1000339

Deposited data

RNA sequencing data
RNA sequencing data

This paper
This paper
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REAGENT or RESOURCE SOURCE IDENTIFIER

snRNA sequencing data This paper GEO: GSE216431

Preprocessed data of snRNA-seq dataset This paper Figshare: https://figshare.com/s/
646b50bde8438d8e5ebc

Visium sequencing data This paper GEO: GSE220799

Preprocessed data of Visium dataset This paper Figshare: https://figshare.com/s/
8351aalad3bfb1e5f642

Experimental models: Organisms/strains

Mouse: Adrb3”"Sema6d™" This paper N/A

Mouse: B6.129(Cg)-Leprm2creiRck;y The Jackson Laboratory IMSR cat# JAX:008320

Mouse: B6.Cg-Gt(ROSA)26Sortm6 The Jackson Laboratory IMSR cat# JAX:007906

(CAG-ZsGreen1)Hze/J

Mouse: B6.Cg-Tg(Prrx1-cre)1Cjt/J

Mouse: B6J.B6N(Cg)-Cx3cr1™™-terellung;
Mouse: B6.SJL-Ptorc? PepcP/BoyJ

Mouse: C57BL/6J
Mouse: Maptth(cre)Aha

Mouse: Plxnad™

Mouse: Sema6d™"
Mouse: Sema6dRES-Cre/+
Mouse: Sema6d™"

Mouse: Tg(Cdh5-cre/ERT2)#Ykub

The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory

CLEA Japan, Inc.

Dr. Akihiro Harada

(Osaka University, Japan)
Dr. Hajime Fujisawa
(Nagoya University, Japan)
Dr. Fumikazu Suto (National
Center of Neurology and
Psychiatry, Japan)

This paper

This paper

Our laboratory

Dr. Yoshiaki Kubota

(Keio University, Japan)

IMSR cat# JAX:005584
IMSR cat# JAX: 025524

IMSR cat# JAX:002014,
RRID: IMSR_JAX:002014

N/A
Muramatsu et al.*°

Suto et al.”’

N/A

N/A

Takamatsu et al.”’
Okabe et al.”

Oligonucleotides

Genotyping primers for Sema6d™* mice
Genotyping primers for Sema6dES-C®/+ mice
Genotyping primers for Adrb3*~ mice

musculus Actb

M.

M. musculus Angpt1
M. musculus Cxcl12
M.

musculus Sema6d
qPCR primers for M. musculus Actb

gPCR primers for M. musculus Adrb3

Forward: (5'-3') CATTGAT
GGTCTCATCCTTTCC
Reverse: (5'-3') CACAGAA
GAGGAACACAACAAAATG
Forward: (5'-3') CTGTCAG
ACCACTGAACAAGTACAC
Reverse: (5'-3') GTGTAGG
AGGATGTTAGTGCTTGTT
Forward: (5'-3') TGGCCTC
ACAGAAACGGCTCTC
Reverse: (5'-3') TGTTGAG
CGGTGGACTCTGCCTG
TagMan

TagMan

TagMan

TagMan

Forward: (5'-3') CATTGCTG
ACAGGATGCAGAAGG
Reverse: (5'-3') TGCTGGA
AGGTGGACAGTGAGG
Forward: (5'-3') AACTGTG
GACGTCAGTGGAC
Reverse: (5'-3') CGTAACG
CAAAGGGTTGGTG

N/A

N/A

N/A

4352341E
MmO00456503_m1
MmO00445553_m1
MmO01334446_m1
N/A

N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

sgRNA sequences for targeting CCATGGGCAGCGGCATT N/A

M. musculus Adrb3 GGC and GCTGGGAAGGT

GACTGCGCG

Software and algorithms

Fiji (ImageJ) https://fiji.sc https://fiji.sc, RRID: SCR_002285

FlowJo Tree Star http://www.flowjo.com, RRID: SCR_008520

GraphPad Prism 9 GraphPad http://www.graphpad.com/, RRID:
SCR_002798

ZEN Zeiss https://www.zeiss.com/microscopy/us/
products/microscope-software/zen.html,
RRID:SCR_013672

SpaceRanger software, v.1.3.0 10x Genomics https://support.10xgenomics.com

10x Cell Ranger package 10x Genomics https://support.10xgenomics.com,
RRID:SCR_017344

R package Seurat, v.4.0 Hao et al.”® https://satijalab.org/seurat/,
RRID:SCR_007322

Canek, v.0.2.1 Loza etal.” https://martinloza.github.io/Canek/

CellPhoneDB, v.3.1.0 (database v.4.0) Garcia-Alonso et al.”” https://www.cellphonedb.org/,
RRID:SCR_017054

Original code This paper DOI: https://doi.org/10.5281/zenodo.12155200,
https://github.com/ddiez/Paper_Nakanishi_Sema6d

Other

Regular Chow Diet CLEA Japan, Inc. N/A

HFD32 CLEA Japan, Inc. N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Atsushi
Kumanogoh (kumanogo@imed3.med.osaka-u.ac.jp).

Materials availability
Sema6d'"ES-Cr’+ Semabd™” and Adrb3”-Sema6d”’~ mice are available under an MTA from the authors.

Data and code availability

® RNA-seq data have been deposited at GEO and are publicly available as of the publication date. Accession numbers are listed
in the key resources table. Software used for the analyses is described and referenced in the individual method details sub-
sections and is listed in the key resources table. Preprocessed data have been deposited on Figshare. The links are listed
in the key resources table.

® The code used in the paper has been deposited at Zenodo and is publicly available. The DOl and the link to the latest code in the
GitHub repository are listed in the key resource table.

® Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

C57BL/6J mice were purchased from CLEA Japan, Inc. (Tokyo, Japan). Sema6d™~ mice were generated as previously described.”
B6.SJL-Ptprc® PepcP/BoyJ (CD45.1, Jax #002014),"° B6.Cg-Gt(ROSA)26Sortm6(CAG-ZsGreen1)Hze/J (Ai6, Jax #007906),%"
B6.129(Cg)-Lepr™2€r®fck;j (LepR-Cre, Jax #008320),*C B6J.B6N(Cg)-Cx3cr1tm!-1€relung; j (Cx3cr1-Cre, Jax #025524)° and
B6.Cg-Tg(Prrx1-cre)1Cjt/J (Prx1-Cre, Jax #005584)’” mice were obtained from The Jackson Laboratory (Bar Harbor, ME, USA).
Maptim2€re)Aha (Tay-Cre, MGl #3793311)°° mice were provided by Dr. Akihiro Harada (Osaka University). Tg(Cdh5-cre/ErT2)#Ykub
(VEcad-CretR2, MGI #5705396)"2 mice were provided by Dr. Yoshiaki Kubota (Keio University). Plxna4”~ mice were provided by
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Dr. Hajime Fujisawa (Nagoya University) with the permission of Dr. Fumikazu Suto (National Center of Neurology and Psychiatry).”® All
mouse strains were congenic with C57BL/6J, except Plxna4”~ mice, which were congenic with C57BL/6N. Seven- to twelve-week-
old male mice were used, and the experiments were randomized. For BM transplant, 5 x 10° BM cells were intravenously transferred
to recipient mice, which were lethally irradiated at a single dose of 10 Gy. Mice were used for experiments at least 12 weeks after
reconstitution. Induction of Sema6d deletion in Sema6d?'°% mice was achieved by intraperitoneal injection of tamoxifen
(62.5 mg/kg body weight; Sigma-Aldrich, #T5648) dissolved in ethanol (Wako, #057-00456) and corn oil (Sigma-Aldrich, #C8267),
for four consecutive days at 7-12 weeks of age. For analysis, littermate controls were used. All the mice used in this study were
housed in a pathogen-free facility. All the protocols were approved by the Animal Research Committee of the Immunology Frontier
Research Center (Osaka University, Osaka, Japan).

METHOD DETAILS

Generation of Sema6d'FES-¢"*/* and Sema6d™* mice

Major experimental procedures (design and construction of the targeting vector, establishment of targeted embryonic stem cells,
generation of chimeric and F1 mice, and removal of neo cassette) to generate Sema6d£5-C** and Sema6d™* mice were performed
by Unitech, Co. (Kashiwa, Japan). Sema6d'™5-¢¢"+ and Sema6d™* mice were produced from a C57BL/6J genetic background. The
founder mice (+/IRES-Cre [neo+] and +/flox [neo+]) were crossed with FLPe transgenic mice to produce Sema6d"F5-C* and Sem-
a6d™* mice without the neo cassette (+/IRES-Cre [neo-] and +/flox [neo-]). The +/IRES-Cre [neo-] and +/flox [neo-] mice were back-
crossed to C57BL/6J mice to remove the FLPe allele. Screening of the mutant mice was performed by PCR with the following
primers: forward, 5'-CTGTCAGACCACTGAACAAGTACAC-3' and reverse: 5-GTGTAGGAGGATGTTAGTGCTTGTT-3' for Sema6-
d'ES-Crel+ mice; forward, 5'-CATTGATGGTCTCATCCTTTCC-3' and reverse: 5'-CACAGAAGAGGAACACAACAAAATG-3') for Sem-
a6d™* mice. Sema6dESC®’* mice express Cre recombinase in SEMA6D-expressing cells, enabling Cre-dependent genetic
manipulation.

Generation of Adrb3”"Sema6d”- mice with CRISPR/Cas9

Adrb3”"Sema6d™"~ mice were produced by introducing guide RNAs (gRNAs) targeting Adrb3 with the CAS9 enzyme (Thermo Fisher
Scientific) into fertilized Sema6d™~ eggs with NEPA21 (Nepagene).”® A search for single gRNA (sgRNA) and off-target sequences was
performed using CRISPRdirect software (https://crispr.dbcls.jp/).”® The sgRNA sequences used for electroporation were
5-CCATGGGCAGCGGCATTGGC-3' and 5'-GCTGGGAAGGTGACTGCGCG-3' for the second exon of Adrb3. Two-cell stage em-
bryos were transferred into the oviducts of pseudopregnant ICR females the next day. Screening of the resulting mutant mice
was performed by direct sequencing of PCR products with the following primers: forward: 5-TGGCCTCACAGAAACGGCTCTC-3'
and reverse: 5-TGTTGAGCGGTGGACTCTGCCTG-3' for Adrb3™".

Genetic correlation and pleiotropic genes

Pairwise genetic correlations of traits in the GWAS atlas, which contains data from 4,756 GWASs across 3,302 unique traits, were
computed using LDSC and pleiotropic genes were extracted from MAGMA gene analysis results of traits in the GWAS atlas as
described previously.?> Genetic correlation analysis and extraction of pleiotropic genes were performed among 16 metabolic and
18 psychiatric traits in the GWAS atlas (https://atlas.ctglab.nl/multiGWAS). The value of genetic correlation was winsolized
between —1.25 and 1.25. The Bonferroni correction was performed based on the number of possible pair in the heatmap. First genes
which were tested in all selected GWAS were selected and considered as genome-wide significant when p < 0.05/the number of
tested genes. For each gene, the number of associated GWAS were counted.

Phenotype associations

Phenotypes associated with genetic variants of SEMA6D were queried using the GWAS Atlas PheWAS database (https://atlas.
ctglab.nl/PheWAS).?> PheWAS analysis was performed for SEMAGD across 4,756 GWASs. Obtained associations were filtered to
identify significant traits linked to SEMA6D using a Bonferroni-corrected significance threshold (p < 1.05 x 1075).

In silico analysis of SEMAG6D expression
To explore whether SEMAG6D levels differed between patients with schizophrenia and healthy controls, SEMA6D data were extracted
from the PRINA379666 dataset.®”

Open-field test

Mice were gently placed in the center of an open-field arena (50 cm x 50 x 40 cm; W x D X H; gray acrylic walls) and allowed to
explore freely for 10 min. A video camera positioned directly above the arena was used to track the movement of each animal, which
was recorded on a computer with software (Any-maze; Stoelting) for calculating the total distance and amount of time spent in the
center of the chamber compared to the edges. The open-field test is commonly used to measure animals’ exploratory behavior and
general activity. The test room was dark, the sound was insulated, and the tracking instrument recognized the central body point of
the mouse using infrared lasers and sensors. The movements with more time spent on the edges of the box and less time spent in the
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center of the box were interpreted as anxiety-like behaviors. Before the test, the mice were acclimatized to the room for 1 h, and the
arena was cleaned with 70% ethanol after every trial.

Elevated plus maze test

Mice were introduced into the center quadrant of a four-arm maze with two open arms without walls and two closed arms with walls
(80 cm long, 6 cm wide). The structure was elevated 40 cm above the floor. The mice were placed in the center and faced with an open
arm at the start of the trial. A video camera positioned directly above the arena was used to track the movement of each animal, which
was recorded on a computer with software (Any-maze; Stoelting). The software tracked the time the mice spent in the closed arms
versus the open arms throughout a 2.5-minute session. A lower movement frequency in the open arms and less time spent there
indicate higher anxiety. Before the test, the mice were acclimatized to the room for 1 h, and the arena was cleaned with 70% ethanol
after every trial.

Social interaction test

Mice were kept for 150 s in an open-field chamber (30 cm X 40 cm) with a wire mesh cage (10 cm x 6 cm) enclosing an unfamiliar ICR
mouse at one end of the field. Mouse behaviors were video monitored, and the trajectory of mouse ambulation was automatically
determined and recorded on a computer using software (Any-maze; Stoelting). A 30 x 15-cm-sized rectangular zone, including
the wire mesh cage, was defined as the social interaction zone. A 30 x 9-cm-sized rectangular zone opposite the social interaction
zone was defined as the social avoidance zone. The durations spent by each mouse in the respective zones were used as indices for
social interaction and avoidance levels, respectively.

Forced swimming test

A forced swimming test was performed in a clear glass cylinder (30 cm height; 19 cm diameter) filled with fresh water (20°C) up to
25 cm from the bottom. The 6-min session was video recorded, and the duration of immobility within this session was calculated
offline. Despair behavior was defined as floating without any movement, except for those necessary to keep the nose above water.

Locomotor activity test
Locomotor activity was measured in the home cage (33 x 44 x 32 cm; W x D x H) for 10 min with an infrared sensor on the ceiling
(Supermex; Muromachi Kikai).

Rotarod test

Motor coordination and equilibrium were assessed using a rotarod setup (Muromachi Kikai). The mice were trained at a constant
speed (4 rpm, 30 s) and then tested. During the test trials, the animals had to balance on a rotating rod that accelerated from
4 rpm to 40 rpm in 300 s, and the latency to fall off the rod was recorded (up to the 5-minute cut-off).

Administration of an anxiolytic drug

7-Chloro-1-methyl-5-phenyl-3H-1,4-benzodiazepine-2(1H)-one (diazepam) was purchased from Sigma-Aldrich (St. Louis, MO,
USA), aliquoted on arrival, and diluted in a vehicle (mixture of 10% DMSO and 5% TWEEN 80 in saline) before experiments. Diazepam
(2 mg/kg) was intraperitoneally injected into the mice 30 min before behavioral tests.

Stereotaxic microinjection

Mice underwent standard stereotactic procedures with a stereotaxic instrument (Muromachi Kikai). 300 nL of AAV8-hSyn-GFP or
AAV8-hSyn-Cre-GFP (2.0 x 10" vg/ml) viruses were injected bilaterally into the CeA (distance from Bregma, AP -1.0 mm, ML =
3.1 mm, DV -4.95 mm) of at least 8-week-old male Sema6d™" mice using a Hamilton syringe with a 32-gauge needle. Following in-
jections, mice were returned to their home cages. Subsequent experiments were performed in 4 weeks after surgeries. For CTB retro-
grade tracing, 200 nL of Alexa Fluor 594-conjugated cholera toxin subunit B (5 ng/pL) was unilaterally injected into the CeA. Subse-
quent experiments were performed in 1 week after surgeries.

Lipid absorption test

Mice were given 9.5 g/kg body weight doses of olive oil (Wako, #150-00276) by oral gavage. Blood samples were collected from tail
veins before (basal, time 0) and 1, 2, 3, and 4 h after oral oil administration. Blood samples were centrifuged at 1,000 x g for 15 min at
4°C. After centrifugation, triglyceride concentrations in plasma samples were measured using a gel-permeation high performance
liquid chromatography method (LipoSEARCH®; Skylight Biotech, Akita, Japan).®’

Glucose tolerance test

Fasting blood glucose was measured 20 h after fasting using the Easy Step Blood Glucose Monitoring System. Mice were injected
intraperitoneally with glucose at a dose of 1 g/kg body weight. Blood glucose levels were measured 15, 30, 60, and 120 min after the
injection.
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Flow cytometry

Mouse cells were blocked with anti-CD16/32 (2.4G2) and incubated with the following fluorochrome-conjugated antibodies: anti-
CD45.2 (104), anti-CD45.1 (A20), anti-CD11b (M1/70), anti-Ly-6G (1A8), anti-Ly-6C (HK1.4), anti-F4/80 (BM8), anti-CD11¢ (HL3 or
N418), anti-c-Kit (2B8), anti-Sca-1 (E13-161.7 or D7), anti-FIt3 (A2F10), anti-CD48 (HM48-1), anti-CD150 (TC15-12F12.2), anti-
CD41 (MWReg30), anti-CD16/32 (93), anti-CD34 (RAM34), anti-TER-119 (TER-119), anti-CD31 (MEC13.3), anti-PDGFR- (APB5),
anti-CD206 (C068C2); a lineage cocktail (Lin) including anti-CD3e (145-2C11), anti-CD11b (M1/70), and anti-B220 (RA3-6B2);
anti-TER-119 (TER-119), and anti-Ly-6G and Ly-6C (RB6-8C5). Cells were analyzed with a three-laser, eight-color custom-config-
uration BD FACSCanto Il (BD Biosciences) or sorted with a three-laser, eight-color custom-configuration FACSAria Il. All antibodies
were purchased from BioLegend (San Diego, CA, USA), eBiosciences, and BD Pharmingen. Dead cells were stained with a live/dead
fixable dead cell stain kit (Molecular Probes). Post-acquisition analysis was performed using FlowJo software.

Quantitative PCR

Total RNA was isolated from sorted or fractionated cells using the RNeasy Mini kit (Qiagen), and cDNA was synthesized using
SuperScript® IV Reverse Transcriptase (Invitrogen). Quantitative PCR reactions were performed using the QuantiFast Multiplex
PCR Kit (Qiagen) or PowerUp™ SYBR® Green Master Mix (Applied Biosystems) and run on a QuantStudio 7 Flex Real-Time PCR
System (Applied Biosystems). The following primers were used: Sema6d (Mm01334446_m1, Applied Biosystems), Cxcl12
(MmO00445553_m1, Applied Biosystems), Angpt1 (Mm00456503_m1, Applied Biosystems), Adrb3 (forward: 5'-AACTGTGGACGT
CAGTGGAC-3' and reverse: 5'-CGTAACGCAAAGGGTTGGTG-3'), and endogenous control gene Actb (forward: 5'-CATTGCTGA
CAGGATGCAGAAGG-3' and reverse: 5'-TGCTGGAAGGTGGACAGTGAGG-3' for SYBR Green, 4352341E (Applied Biosystems)
for TagMan). Gene expression data were normalized to the expression of Actb, which encodes beta-actin.

Histological analysis

Tissues were dissected and fixed in 10% neutral-buffered formalin. Then, paraffin-embedded tissues were sectioned and stained
with hematoxylin and eosin (H&E). Microscopic analysis was performed using a Keyence BZ-X800 microscope (Osaka, Japan).
Adipocyte size was determined via Adiposoft and ImageJ analyses of H&E-stained tissues, as previously described.®?

Immunohistochemistry

After deep anesthesia, animals were perfused through the heart with 4% paraformaldehyde (PFA) in phosphate-buffered saline
(PBS). The brains were removed from the skull, fixed overnight in 4% PFA, and then dehydrated in 30% sucrose in PBS solution
for 72 h until they sunk to the bottom. The brains were rapidly frozen, and coronal brain sections of 30 um thickness were prepared
using a Leica CM3050 S cryostat. After washing with PBS, brain sections were incubated in a blocking buffer composed of PBS con-
taining 0.3% Triton X-100 and 3% bovine serum albumin for 1 h at room temperature (RT). The sections were incubated with appro-
priate primary antibodies in the blocking buffer at 4°C for 24 h. The primary antibodies used were rabbit anti-lba-1 (1:1000 dilution),
mouse anti-NeuN (1:500 dilution), rabbit anti-NeuN (1:250 dilution), and rabbit anti-GFAP (1:2000 dilution). The sections were washed
twice for 10 min at RT in PBS. For immunofluorescence staining, the sections or cells were incubated with Alexa Fluor 488- or
647-labeled secondary antibodies (1:1000 dilution; Life Technologies) for 1 h at RT. The sections were washed twice for 10 min at
RT in PBS and stained with DAPI in PBS (1:10000 dilution). Sections were mounted on MAS-coated glass slides (Matsunami Glass)
and embedded in FluoromountTM (Diagnostic BioSystems). Imaging was performed using a confocal laser scanning fluorescence
microscope (LSM880; Carl Zeiss) with a 63 x objective.

Isolation of stromal vascular fractions (SVF) from WAT

Minced white adipose tissue was isolated and digested in PBS with 1.5% bovine serum albumin containing 0.9 mg/mL glucose and
2.5 mg/mL type | collagenase (Gibco, #17100017) for 1 h at 37 °C. Digested tissues were filtered through a 100 pm cell strainer and
centrifuged at 190 x g for 10 min. The SVF pellets were collected for further analysis.

Isolation of glial cells from the brain

After deep anesthesia, animals were perfused through the heart with PBS. The brains were minced and then enzymatically digested
by using Neural Tissue Dissociation Kit P (Miltenyi Biotec) according to the manufacturer’s protocol. After the digestion, myelin
removal beads (Miltenyi Biotec) were used to removed myelin debris and myelin-bound cell aggregates from single cell suspensions.

Bulk RNA-seq

Library preparation was performed using the TruSeq Stranded mRNA Sample Prep Kit (Illumina, San Diego, CA, USA). Sequencing
was performed on an lllumina HiSeq 2500 platform in 75-base single-end mode. CASAVA 1.8.2 software (lllumina) was used for base
calling. Sequenced reads were mapped to the mouse reference genome sequence (mm10) using TopHat v2.0.13 in combination with
Bowtie2 ver. 2.2.3 and SAMtools ver. 0.1.19. Fragments per kilobase of exon per million mapped fragments (FPKMs) were calculated
using Cuffnorm version 2.2.1. Principal components analysis and heatmaps were generated using the R function ggplots2. Gene set
enrichment analysis was performed using the Gene set enrichment analysis program.®*
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Visium spatial gene expression library generation

The brains were dissected and fixed in 4% PFA. Paraffin-embedded tissues were sectioned at 5 um thickness. Brain sections were
placed in 6.5 mm-squared capture areas on a Visium Spatial Gene Expression slide (10x Genomics, Inc. Pleasanton, CA, USA), and
stored at RT for later use. The spatial gene expression slide was processed according to the manufacturer’s protocols. Briefly, tissue
sections were deparaffinized and then stained with H&E. Imaging was performed using a Keyence BZ-X710 microscope (Osaka,
Japan). Images were stitched together and exported as TIFF files. Following the imaging, the sections were decrosslinked and per-
meabilized. Reverse transcription and second strand cDNA synthesis was performed. The cDNA was denatured and amplified by
PCR to construct sequencing-ready, indexed spatial gene expression libraries. The libraries were sequenced on a NovaSeq6000
(Mlumina).

Visium spatial gene expression data processing and analysis

Raw FASTQ files and the histology H&E images were provided as input to the SpaceRanger software (10x Genomics) v.1.3.0. Bar-
coded spots from four 10x Visium capture areas (WT_1, WT_2, Sema6d™"_1, and Sema6d™"_2) were processed using Seurat v.4.0.”*
Data from the four captured areas were normalized, and the top 5,000 highly variable features were used for batch correction/inte-
gration using Canek.” The corrected data were scaled and used for principal component analysis (PCA). The top 20 principal com-
ponents were used to compute UMAP and clusters using the Leiden algorithm®® with a resolution of 0.6. DEGs between Sema6d™”"
and WT were calculated for each cluster using FindMarkers. Genes were considered significant with an absolute avg_log, FC > 0.25
and FDR (p_val_adj) < 0.05. A signature expression was calculated using the scaled sum of Sic17a7 (Vglut1) and Rspo2 expression
for BLA and Gad2 and Tac2 expression for CeA to identify BLA and CeA regions of the amygdala. The areas around the amygdala
with a strong signal for each signature were manually selected with the shinycluster package (https://github.com/ddiez/shinycluster)
and assigned as BLA or CeA. To identify a robust set of markers separating BLA from CeA, differentially expressed genes were calcu-
lated between the manually selected BLA and CeA regions using FindMarkers. Genes were considered significant with absolute av-
g_log, FC > 1 and FDR < 0.01. Genes with avg_log, FC > 0 were considered markers for BLA, and those with avg_log, FC < 0 were
for CeA.

In situ RNA hybridization (RNAscope)

RNAscope was performed on fresh frozen coronal brain sections (10 um thick) using the Multiplex Fluorescence v.2 kits (Advanced
Cell Diagnostics) according to the manufacturer’s protocol. The probes for mouse Sema6d, Pixna4, Gad2 and Rbfox3 were commer-
cially available from the manufacturer, and the secondary Opal 520, 570, and 690 reagents (FP1487001KT, FP1488001KT, and
FP1497001KT, Akoya Biosciences) were diluted with 1:750 in Tyramide Signal Amplification buffer. The sections were then incubated
for 5 min in DAPI before being mounted with Fluoromount™ (Diagnostic BioSystems). Imaging was performed using a confocal laser
scanning fluorescence microscope (LSM880; Carl Zeiss) with 10x, 20x, and 63 x objectives. Analyses of the images were done us-
ing Imaged.

Single-nucleus RNA-seq

Single-nucleus suspensions were isolated from approximately 15 mg of frozen mouse amygdala using a Chromium Nuclei Isolation
Kit (10x Genomics), and the nuclear concentration was adjusted to 1000-1200 nuclei/pl. Then, the isolated nuclei were loaded onto a
Chromium Next GEM Chip G (10x Genomics) on a Chromium Controller (10x Genomics) for barcoding and cDNA synthesis. The
cDNA and library construction were amplified using Chromium Next GEM Single Cell 3’ GEM, Library & Gel Bead Kit v3.1, or Chro-
mium Next GEM Single Cell 3’ Kit v3.1 (10x Genomics) for 3’ profiling according to the manufacturer’s protocol. The libraries were
sequenced on a NovaSeq6000 (lllumina).

Single nuclei data analysis

Sequenced reads were processed using Cell Ranger (v5.0.0) and aligned with the GRCm38 (mm10) mouse reference genome. Clus-
tering and differential expression analyses were conducted using Seurat v.4.0.”° The raw data were normalized with NormalizeData.
Nuclei with more than 30,000 UMIs, more than 6,000 detected genes, and more than 5% mitochondrial genes were excluded.
Several clusters were eliminated as suspicious of containing multiplets based on the co-expression of multiple cell markers. The
filtered dataset consisted of 17,656 cells and 21,530 genes. A batch correction was performed with Canek,”* using the top 5,000
most highly variable features. The corrected data were scaled and used for PCA, and the top 20 principal components were used
to calculate UMAP coordinates and clusters with the Leiden algorithm®® with a resolution of 0.6. The function of “FindAllMarkers”
was used to identify cluster-specific genes. Cell clusters were manually annotated as specific cell types based on the literature
and datasets for murine cell taxonomy. DEGs between Sema6d”~ and WT were calculated for each cluster using FindMarkers
with the Wilcoxon Rank Sum test. Genes with an absolute avg_log, FC > 0.25 and FDR < 0.05 were defined as DEGs. Pathway an-
alyses of DEGs from each cluster were performed using the ingenuity pathway analysis. The list of BLA and CeA markers identified
with Visium analysis were used to calculate signature scores with the “AddScoreModules” function to assign cell clusters to either
BLA or CeA regions. Cells with a BLA score higher than the CeA score were annotated as BLA and otherwise as CeA.
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Cell-cell interaction analysis

The number of ligand-receptor pairs was calculated using CellPhoneDB v3.1.0 (https://www.cellphonedb.org)®° to infer intercellular
communication networks. We applied the method “analysis” using receptors and ligands expressed in at least 10% of the cells in a
given cluster. Estimated cell-cell interactions with with p < 0.05 were considered significant.

Golgi staining

Freshly dissected mouse brains were processed for Golgi staining, following the manufacturer’s protocol (FD Neurotechnologies).
Coronal brain sections (250 um) were generated using a Leica CM3050 S cryostat and placed on gelatin-coated slides overnight.
Stained sections were imaged using the 20x and 100x objectives of a Keyence BZ-X800 microscope (Osaka, Japan).

Sholl analysis
BLA pyramidal neurons were reconstructed using the Simple Neurite Tracer (SNT) plugin®* from ImagedJ. Sholl analysis was per-
formed with 5-um radius interval using SNT. For each experimental group, nine neurons from three mice were analyzed.

Sample preparation for imaging mass spectrometry

The on-tissue derivatization of GABA and glutamate was performed as previously described.®® In brief, frozen serial 8-um-thick sec-
tions were cut at —20°C using a cryostat (CM1950; Leica, Nussloch, Germany) and mounted on indium tin oxide-coated glass slides
(100 Q/sq without adhesive material coating) for matrix-assisted laser desorption/ionization mass spectrometry imaging (MALDI-
MSI). The sections were dehydrated in a 50-mL conical tube containing silica gel until derivatization. For GABA detection, the pre-
pared 2-fluoro-1-methyl pyridinium-10 (2.0 mg/1.1 mL in 70% acetonitrile) solution was applied over 1 mL/slide with an airbrush (PS-
270, GSI Creos, Tokyo, Japan). For glutamate detection, the prepared 1,5-DAN (7 mg/mL in 70% acetonitrile) solution was applied
over 600 uL/slide with the airbrush. The samples were immediately measured after spraying.

MALDI-MSI

MALDI-MSI experiments were performed on a MALDI ion trap time-of-flight mass spectrometer (iMScope TRIO, Shimadzu, Kyoto,
Japan) equipped with a 1-kHz Nd:YAG laser (A = 355 nm). The laser spot size was approximately 25 um, and each pixel was irradiated
80-100 times at a repetition rate of 1 kHz. Benzoic acid (2, 5-DHB) was used for m/z calibration. For GABA or glutamate detection,
mass spectra were acquired in positive or negative ion detection mode, respectively. The target m/z values of the derivatized neu-
rotransmitters were 371.176 (GABA) and 146.045 (glutamate). The imaging experiment’s interval between the data points was 50 or
55 um in the lateral and axial directions. After sample analysis, ion images were reconstructed, and signal intensities from the region
of interest were extracted based on the data using IMAGEREVEAL MS (version 1.21.0.11302, Shimadzu, Kyoto, Japan).

Immunoblotting

Whole-tissue protein lysate was extracted using Qiagen TissuelLyser Il and RIPA buffer containing 50 mM Tris-HCI (pH 7.6), 150 mM
NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, and protease inhibitors (Nacalai Tesque, #08714-04). The following
antibodies were used in immunoblotting; B-Actin (1:5,000, Cell Signaling Technology, #5125) and B3-AR (1:1,000, Abcam,
#ab945086).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using the GraphPad PRISM 9 software. Statistical comparisons between two groups were
performed using unpaired two-tailed Student’s t-tests or Mann-Whitney test. To compare multiple groups, one-way ANOVA with
Dunnett’s multiple comparison test, two-way ANOVA with Turkey’s multiple comparison test, or two-way repeated-measures
ANOVA with Sidak’s multiple comparison test was used. Results were considered statistically significant at p < 0.05 (*p < 0.05,
**p < 0.01, ™*p < 0.001, ***p < 0.0001, n.s. not significant).
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