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CELLULAR NEUROSCIENCE

Multiregional profiling of the brain transmembrane
proteome uncovers novel regulators of depression
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Transmembrane proteins play vital roles in mediating synaptic transmission, plasticity, and homeostasis in the
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brain. However, these proteins, especially the G protein-coupled receptors (GPCRs), are underrepresented in
most large-scale proteomic surveys. Here, we present a new proteomic approach aided by deep learning models
for comprehensive profiling of transmembrane protein families in multiple mouse brain regions. Our multiregional
proteome profiling highlights the considerable discrepancy between messenger RNA and protein distribution,
especially for region-enriched GPCRs, and predicts an endogenous GPCR interaction network in the brain. Further-
more, our new approach reveals the transmembrane proteome remodeling landscape in the brain of a mouse
depression model, which led to the identification of two previously unknown GPCR regulators of depressive-like
behaviors. Our study provides an enabling technology and rich data resource to expand the understanding of
transmembrane proteome organization and dynamics in the brain and accelerate the discovery of potential ther-

apeutic targets for depression treatment.

INTRODUCTION
As the most complex organ of the mammalian body, the brain has
been intensively characterized at the molecular level in a system-
wide fashion using a variety of transcriptomic or imaging approaches.
The Allen Brain Atlas (https://portal.brain-map.org/) hosts a pleth-
ora of in situ hybridization (ISH) and microarray-based databases
to describe the regional or cellular gene expression profiles of adult
and developing mammalian brains (1-4). The Human Protein Atlas
program (www.proteinatlas.org), together with a recent brain atlas
project, has concertedly established high-quality transcriptome
and protein imaging resources to map the spatial expression of
transcripts and proteins across multiple mammalian brain regions
(5, 6). Moreover, given that all the functions of the brain are ulti-
mately mediated by proteins and that poor correlation between
mRNA and protein abundances has been observed in various cell
types and tissues (7-9), large-scale mass spectrometry (MS)-based
proteomic surveys have been launched to map protein expression
patterns in an unbiased manner across multiple regions of mouse
and human brains (10, 11). However, despite our increasing ability
to interrogate the molecular organization of the brain, in-depth
and quantitative profiling of transmembrane protein expression is
a notable exception.

G protein-coupled receptors (GPCRs), ion channels, and trans-
porters constitute three prominent cell-surface transmembrane protein
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families that play essential roles in mediating neuronal signal
processing and plasticity in the brain (12-14). A number of their
family members, especially GPCRs, represent the most successful
targets of molecular therapeutics for central nervous system (CNS)
disorders (12, 15). However, these transmembrane proteins are
especially challenging to measure using conventional proteomics
techniques owing to their strong hydrophobicity, relatively low
abundance, and fast turnover (8). Notably, GPCRs are notoriously
underrepresented in current MS-based proteomic surveys. For
example, a proteome atlas of 29 healthy human tissues profiled
103 GPCRs in total, 64 of which were from brain tissue of the
831 GPCRs encoded in the human genome (8). A similarly low
coverage of GPCR identification (ID) was reported in another global
proteomic analysis of human cells (56 GPCRs among 14,237 identi-
fied proteins) (16).

Here, we present a new proteomic approach for deep and ac-
curate profiling of low-abundance transmembrane protein fami-
lies in the region-resolved mouse brain. Our approach integrates
three innovations compared to conventional proteomic work-
flows. First, we performed cell membrane fractionation to reduce
the abundant cytosolic proteins and enrich transmembrane pro-
teins. Second, we carried out single-shot data-independent acqui-
sition (DIA) MS analysis rather than conventional data-dependent
acquisition (DDA) analysis as DIA MS is an emerging technology
with superior accuracy and reproducibility in proteomic quanti-
fication (17, 18). Last, we created a GPCR family-targeted hybrid
library using deep learning tools for DIA MS data mining so as to
achieve an unprecedented depth of transmembrane protein pro-
filing. Using this approach, we were able to identify and quantify
143 GPCRs, 170 ion channels, and 176 transporter proteins across
10 mouse brain regions.

By matching our multiregional proteomics profiling data with the
genome-wide transcriptomics and ISH data, we identified region-
enriched GPCRs and other transmembrane proteins with consider-
ably discordant mRNA and protein distribution over multiple brain
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regions. Through protein coexpression analysis, we predicted an
endogenous GPCR interaction network in the mouse brain
and validated the colocalization of a GPCR protein and its un-
known interacting partner in neuronal cell culture and brain tissue.
Furthermore, we used this new workflow to reveal the landscape
of transmembrane proteome remodeling in 11 mouse brain re-
gions of a chronic stress—induced depression model, which led to
the rapid discovery of two novel GPCR regulators of depressive-
like behaviors.

RESULTS

Profiling the transmembrane proteome in multiple mouse
brain regions by single-shot DIA MS analysis

To profile transmembrane protein expression in the region-resolved
mouse brain, we collected 10 anatomically dissected adult mouse
brain regions. Nine and eight regions overlap with those documented
in the Allen Mouse Brain Atlas and the recently published brain
transcriptome atlas (6), respectively (Fig. 1A). To increase the pro-
teome coverage of transmembrane proteins, we isolated cell membrane
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Fig. 1. Transmembrane proteome profiling of the region-resolved mouse brain with DIA MS analysis. (A) A summary of the brain regions of the resting-state mice
examined in this study (left) and the overlapping regions analyzed using ISH by Allen Brain Atlas or RNA-seq by Mulder and colleagues (6) (right). (B) Overall workflow of
mouse brain DIA MS analysis and data mining. For each brain region, membrane proteins [represented by three transmembrane protein families this study focuses on]
were isolated, extracted, and digested before MS analysis (top). A project-specific DDA library was built from DDA MS analysis of prefractionated multiregional brain tis-
sues (left route). Meanwhile, a GPCR family-targeted hybrid library was built by merging an initial DIA library derived from the DIA MS data and a GPCR virtual library
predicted from 524 mouse genome-encoded GPCR sequences using deep learning models (right route). The DIA MS data were searched with the two libraries to yield

transmembrane protein ID and quantification results.
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fractions, performed membrane protein extraction and digestion under
optimal conditions, and analyzed protein digests from individual
brain regions with single-shot DIA MS (Fig. 1B and fig. S1A). For
each brain region, we also fractionated the pooled replicates and per-
formed DDA MS analysis of prefractionated samples to build a project-
specific spectral library for DIA MS data mining (Fig. 1B, left).
This DDA experiment-derived spectral library (DDA library for
short) comprised a total of 134,560 peptide precursors mapped to 7995
protein groups, of which 2510 were transmembrane proteins (with at
least one transmembrane domain). Mouse genome encodes 524 GPCRs,
316 ion channels, and 296 transporters (protein lists in table S1).

Among them, 135 GPCRs, 207 ion channels, and 207 transporters were
present in the DDA library (Fig. 2A and fig. S1B). Although the pro-
teome coverages of three transmembrane protein families were lower
than those detected at the transcript level by ISH or RNA sequencing
(RNA-seq), our results significantly outnumber the most comprehen-
sive mouse brain proteomic survey reported to date (fig. S1B) (10).

Deepening the GPCR subproteome coverage with a targeted
hybrid library strategy

Given that GPCRs are particularly challenging to map with conven-
tional proteomics techniques (8), we developed a targeted hybrid
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Fig. 2. Deep proteome coverage and reproducible quantification of GPCR, ion channel, and transporter family members in the mouse brain. (A) Number of
protein IDs in the DDA library and the GPCR hybrid library. The full complement of 524 genome-encoded GPCRs are included in the latter. (B) Number of GPCR IDs in each
brain region yielded with the DDA library (purple) or the GPCR hybrid library after data filtering (light purple, shared IDs between the two libraries; orange, unique IDs only
yielded with the hybrid library). OLF, olfactory bulb; CBC, cerebral cortex; CB, cerebellum; HIP, hippocampus; MB, midbrain; SC, spinal cord; STR, striatum; TH, thalamus;
PO, pons; MY, medulla. (C) Comparison of GPCR IDs from 10 brain regions yielded with the two libraries. (D) Number of protein IDs for three families in each region and in
total. GPCR IDs are concatenated from two libraries, and ion channel and transporter IDs were detected with the DDA library. (E) Subcellular localization of all protein IDs
according to gene ontology cellular component classification. ER, endoplasmic reticulum; Mt, mitochondria. (F) Many enriched biological processes (P < 107%) in all pro-
tein IDs are related to neuronal cell activity or brain functions. (G) Spearman correlation of protein quantification between replicates of each region.

Lietal, Sci. Adv. 2021; 7 : eabf0634 21 July 2021

30f17



SCIENCE ADVANCES | RESEARCH ARTICLE

library strategy to deepen the coverage of a selected transmembrane
protein family (see Materials and Methods for details). Briefly, we
created a GPCR family-targeted hybrid library (GPCR hybrid library
for short) using deep learning models (Fig. 1B, right) (19, 20), which
contains the full complement of 524 GPCRs encoded in the mouse
genome (Fig. 2A). To control the false discovery rate (FDR) when
using a targeted hybrid library, we implemented an additional data
filtering criteria (Cscore, >1.0) to restrict the subgroup FDR of GPCR
peptide ID as assessed using a decoy library approach (fig. $2, A
to C). This strategy was applied to processing our 10-brain region
DIA MS data.

An average of 108 GPCR proteins were identified per region us-
ing the GPCR hybrid library after data filtering, whereas only an
average of 65 GPCR proteins were identified with the DDA library
(Fig. 2B). Moreover, we observed similarly high quantification re-
producibility for all proteins identified with the two libraries (fig.
S$2D). By combining GPCR IDs from two libraries, we substantially
increased the GPCR subproteome coverage in the mouse brain
through single-shot DIA MS analysis. Of the 143 concatenated
GPCR IDs, 56 were exclusively detected using the targeted hybrid
library strategy (Fig. 2C). Although we previously demonstrated
this strategy in processing data from a few brain regions as a proof
of a concept (21), our current study proved that this hybrid spectral
library can deepen the GPCR subproteome coverage to surpass a
large-scale project-specific DDA library.

In addition to GPCRs, our transmembrane proteome profiling
identified and quantified 170 ion channels and 176 transporters
across 10 brain regions (Fig. 2D). Of all protein groups profiled
in our study, 58.5% are located in plasma membrane, intracellular
membrane, or synapse (Fig. 2E). Most of them are enriched in bio-
logical processes closely related to neuronal cell activity or brain
functions, such as neuron projection development, neurotransmit-
ter transport, sensory perception of pain, and fear response that are
known to be mediated by the three transmembrane protein families
(Fig. 2F). In regard to the quantification performance of our new
workflow, all proteins profiled between independent replicates of
each brain region showed strong correlation and low quantification
deviation [median coefficient of variation (CV), 8.3%], which indi-
cates superior quantification consistency by our DIA MS analysis over
the previous mouse brain proteomic analysis (median CV, 28.1%)
(Fig. 2G and fig. S2E) (10).

Comparison of the transcriptome and proteome profiles
for transmembrane proteins
Our transmembrane proteome profiling enables a global view of
transmembrane protein expression across different mouse brain
regions that can be compared with region-resolved gene expression
at the transcriptome level (table S2). The principal components analysis
(PCA) and the hierarchical clustering tree based on our quantifica-
tion of all transmembrane proteins revealed four clusters of brain
regions: pons/medulla, spinal cord/midbrain, cerebral cortex/striatum/
thalamus, and olfactory bulb/hippocampus (HIP)/cerebellum (Fig. 3A).
In contrast, the transcriptome profiles of transmembrane protein-
coding genes showed a different pattern of regional connectivity, with
cerebral cortex/HIP/amygdala being clustered more tightly and cere-
bellum standing out as an outlier (Fig. 3B).

An overall modest correlation between mRNA and protein
abundances was observed for 1738 transmembrane protein-coding
genes (median Spearman correlation coefficient, 0.39) shared between
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the RNA-seq and proteomics data (table S3). Among them, 392 genes
(22%) showed negative correlation, indicating substantial difference
in their mRNA and protein expression patterns (Fig. 3C). We also
analyzed 1733 transmembrane protein—coding genes shared between
the ISH and proteomics data and found an even weaker correlation
(median correlation coefficient, 0.22; 32% genes showing negative
correlation) (fig. S3A and table S3). Moreover, GPCR and trans-
porter family members showed lower mRNA-to-protein correlation
than ion channels (Fig. 3C and fig. S3A).

To validate the distinct interregional protein expression profiles
revealed by our proteomics analysis, we selected one ion channel
[Gria2 (glutamate receptor 2)] and two transporters [Slc6a3 (sodium-
dependent dopamine transporter) and Slc5a7] with inconsistent
RNA expression profiles to be examined by immunoblotting and
immunostaining. Slc6a3 protein was predominantly expressed in the
striatum, yet its mRNA was mainly detected in the midbrain and
pons by quantitative polymerase chain reaction (qPCR) and ISH
(Fig. 3D). Immunoblotting showed almost exclusive presence of
Slc6a3 protein in the striatum (Fig. 3E). Immunostaining of the
brain slice confirmed this result and further revealed the distribu-
tion of Slc6a3 in the axons of projection neurons (fig. S3, C to E).
For Gria2 and Slc5a7, their protein expression patterns were
validated to be appreciably different from their mRNA expression
(Fig. 3, D and E). Therefore, our DIA MS-based proteome profiling
provides a high-throughput and accurate measure of transmembrane
protein distribution, which, in many cases, is largely discordant with
the transcript distribution.

Brain region-enriched GPCRs and other

transmembrane proteins

Using the region-averaged proteomic quantification data (table S4),
we identified regionally elevated GPCR, ion channel, and transporter
family members that were classified into three categories: region-
enriched proteins (twofold higher abundance than all other brain
regions), group-enriched proteins (two to four brain regions with
twofold higher abundance than all other regions), and enhanced
proteins (twofold higher abundance than the median of all other
brain regions) (Fig. 3F and table S5). The GPCR family contains the
largest number of regionally elevated proteins (three categories
together) (Fig. 3F), in accordance with the largest variation of inter-
regional protein abundances observed for GPCRs (fig. S3F). The
striatum has the most region-enriched GPCRs, whereas most group-
enriched GPCRs are shared among the olfactory bulb, midbrain,
and HIP (table S5). Notably, the interregional mRNA-to-protein
expression correlation was much weaker for region/group-enriched
GPCRs than for region/group-enriched ion channels or transporters
(Fig. 3G and fig. S3B).

Our study suggests that this subset of GPCRs enriched in certain
brain regions experience unusually pronounced regulation of pro-
tein synthesis, degradation, or transport. This is exemplified by
11 region/group-enriched GPCRs with negative mRNA-to-protein
correlation, including members from the chemokine receptor, ad-
renergic receptor, and neuropeptide Y receptor families (Fig. 3H).
We also analyzed 15 region/group-enriched orphan GPCRs for
which native ligands are unknown and physiological functions are
largely unexplored (22, 23). The multiregional protein distribution
for eight enriched orphan GPCRs were negatively correlated with
their mRNA distribution (Fig. 3I). For instance, Gpr161 gene tran-
scription mainly occurred in the HIP and olfactory bulb, but most
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Fig. 3. Multiregional expression profiles of transmembrane protein-coding genes at the transcriptome and proteome levels. (A and B) PCA (top) and HCA (bottom)
showed different patterns of regional expression of transmembrane protein-coding genes based on proteomics data (this study) (A) versus RNA-seq data (6) (B). (C) Spearman
correlation of expression profiles across at least five brain regions between the proteomic and RNA-seq measurement for all transmembrane (TM) proteins and three trans-
membrane protein families. Median correlation coefficients are shown above the plots. (D) Examples of discordant expression profiles measured by proteomics, gPCR, and
ISH. (E) Validation of regionally elevated expression of transmembrane proteins with inconsistent mRNA profiles by immunoblotting. (F) ID of regionally elevated GPCRs,
ion channels, and transporters in the three categories (region-enriched, group-enriched, and enhanced). Total numbers of elevated proteins in each region are provided to
the right. (G) Spearman correlation of expression profiles across at least five brain regions indicated the lowest protein-to-mRNA correlation for region/group-enriched
GPCRs. Median correlation coefficients are shown above the plots. (H and I) Relative expression profiles of region/group-enriched GPCRs with negative mRNA-to-protein
correlation (H) and region/group-enriched orphan receptors (I). The correlation coefficient of proteomic versus RNA-seq or proteomic versus ISH measurement is annotated

for each GPCR. No correlation available for three receptors of which the expression profiles were overlapped between less than five regions.
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of its protein product was likely to be transported to the cerebral
cortex in addition to the olfactory bulb. The extensive efferent projec-
tions from the HIP and olfactory bulb to the prefrontal, cingulate,
retrosplenial, and the olfactory cortex (24-26) might explain the en-
riched expression of Gpr161 protein in the cerebral cortex. For Gpr101,
Gpr34, and Gpr62, their transcripts were distributed evenly across
multiple regions, yet the protein product was highly enriched in one spe-
cific region. Together, the protein distribution patterns of these brain
region-enriched GPCRs would shed new light on their posttran-
scriptional regulation and uncharacterized functions in the brain.

GPCR interaction prediction based on multiregional protein
coexpression analysis

Protein coexpression or coregulation analysis based on the quantitative
proteome profiling data can be exploited to infer the composition of
protein complexes and their interaction networks (27, 28). Thus, we
reasoned that it may be possible to find unknown protein-protein
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interactions (PPIs) from our multiregional proteomics resource. As a
proof of concept, for each measured GPCR in our dataset, we extracted
their potential interacting partners with correlated expression profiles
over at least five brain regions. Using a commonly applied cutoff for
positive correlation [Pearson correlation coefficient (PCC), >0.7]
(27, 28), we initially identified 16,074 potential PPIs for 124 GPCRs. Ex-
amples are shown for cannabinoid receptor 1 (CB1) and metabotropic
glutamate receptor 2 of which an array of known interactions with other
GPCRs, ion channels, and classical signaling partners was identified
(fig. S4A). Among the PPIs inferred from our coexpression analysis, we
noticed a cluster of membrane-associated periodic skeleton (MPS)
components (spectrin and ankyrin) and signaling molecules RTK (re-
ceptor tyrosine kinase) TrkB (tropomyosin-related tyrosine kinase B)
and kinases Src (neuronal proto-oncogene tyrosine-protein kinase Src)
and Fyn (tyrosine-protein kinase Fyn)] to pair with specific GPCRs,
such as CB1 (fig. S4, A and B). This finding, in general, agreed with the
recently reported colocalization of MPS components with CB1 and

Fig. 4. A predicted GPCR interaction network from multiregional protein coexpression analysis. (A) A predicted interaction network between 120 GPCRs and 1159
transmembrane proteins in the mouse brain from high-stringency coexpression analysis (PCC >0.9). An enlarged PPl module for CB1 is shown, with the correlation coef-
ficient for each putative PPl annotated. The most strongly correlated partner (FLRT3) was selected for experimental validation. (B) Colocalization of FLRT3 (red) with a
fraction of CB1 (green) in the rat hippocampal neuron. Both endogenous proteins were stained with their antibodies. (C) Confocal image of FLRT3 (red) and CB1 (green)
immunocytostaining in the hippocampal brain slice. Robust CB1-positive fibers were observed; a fraction of CB1-positive puncta colocalized with FLRT3 signals, which
also showed a puncta staining pattern. Zoomed-in images of the boxed regions in (B) and (C) are shown on the right.
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RTKs in neurons to form a cytoskeleton-dependent signaling
platform (29).

To infer the unknown GPCR interaction network in the brain,
we filtered our coexpression data to retain potential GPCR interactions
with transmembrane proteins at a higher stringency (PCC, >0.9).
This resulted in a high-quality predicted GPCR interaction network
entailing 2828 unique PPIs between 120 GPCRs and 1159 trans-
membrane proteins (Fig. 4A and table S6). For CB1, we picked up
an uncharacterized and most strongly correlated partner, leucine-
rich repeat transmembrane protein FLRT3, for validation. Immunos-
taining of CB1 and FLRT3 in the hippocampal neuron revealed the
colocalization of FLRT3 with a fraction of CB1-positive fibers (Fig. 4B).
Partial colocalizaiton of CB1 and FLRT3 was also observed in the
brain slice of HIP (Fig. 4C). To further verify the interaction be-
tween CB1 and FLRT3, we carried out a proximity ligation assay
(PLA) (30) to confirm the close physical distribution between the
two proteins in both CB1-expressing Chinese hamster ovary (CHO)
cells and primary neurons (fig. S4C). In addition, immunoprecipita-
tion (IP) was performed to verify the in vitro interaction between CB1
and FLRT3 (fig. S4D). These validation results clearly demon-
strate the capacity of our proteomics-derived coexpression anal-
ysis to reveal new GPCR interactions that occur endogenously in
the brain.

Profiling the brain region-resolved transmembrane
proteome in a mouse depression model

To further demonstrate the power of our transmembrane proteome
profiling technology for neurobiology, we applied our established
workflow to a well-established mouse depression model to generate
new insights into the pathophysiology of depression and accelerate
the discovery of potential drug targets. Here, we adopted the chronic
unpredictable mild stress (CUMS) model, in which CUMS mice were
exposed chronically to a battery of unpredictable stressors and de-
veloped depressive-like symptoms after 21 days of consecutive ex-
posure (Fig. 5A). Specifically, CUMS mice exhibited reduced sucrose
preference and increased immobility in behavioral tests, which in-
dicated the depressive-like anhedonia [as measured by the sucrose
preference test (SPT)] and despair [as measured by the tail suspen-
sion test (TST) and forced swimming test (FST)] (fig. S5).

For both the CUMS and control mice, we collected 11 anatomi-
cally dissected brain regions in triplicate, including the previously
examined nine regions and two new regions [prefrontal cortex (PFC)
and hypothalamus (HY)] (Fig. 5B). Cell membrane fractionation,
protein extraction, and digestion were performed using the same
protocol, and each protein digest was analyzed by single-shot DIA
MS (Fig. 1B). For MS data mining, we constructed a largest DDA
library specific for the CUMS model and a GPCR hybrid library de-
rived from the DIA MS data, which contains the full complement of
524 mouse GPCRs (Fig. 5C) (see Materials and Methods for details).

After data filtering to control the subgroup FDR, an average of
74 GPCR proteins were identified and quantified per region with
the GPCR hybrid library, representing an average gain of 25 GPCRs
relative to the DDA library (fig. S6A). In total, 158 unique GPCRs
were profiled in at least one brain region from control or CUMS mice,
including 66 GPCRs exclusively detected with the targeted hybrid
library strategy (Fig. 5D). In addition, our study enabled in-depth
profiling of 180 ion channels and 179 transporters in the brain re-
gions from control or CUMS mice (fig. S6B). Superior protein
quantification consistency between experimental replicates of each
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brain region was achieved for both control and CUMS groups (median
CV, 3.78 to 10.08%) (fig. S6C).

ID of differentially expressed transmembrane proteins

in the depression model

Both the PCA and unsupervised hierarchical clustering analysis
(HCA) based on the quantification of 1998 transmembrane pro-
teins revealed tight clustering of six replicates of the control and
CUMS groups for most of the brain regions analyzed (Fig. 5E). It
implies that the molecular architecture of the transmembrane pro-
teome was retained in most brain regions between the control and
depressed states. We noticed the separation of control and CUMS
groups for PFC and HY in the PCA plot, indicating larger perturba-
tion of the transmembrane proteome here than in the other regions
(Fig. 5E, top).

Our study identified discrete sets of differentially expressed (DE)
transmembrane proteins from the GPCR, ion channel, and trans-
porter families in each brain region of the CUMS model (Fig. 5F
and table S7). In accordance with the PCA plot, the largest number
of DE transmembrane proteins were found in PFC and HY, two brain
regions critical for mood regulation and stress response (31-34). A
total of 91 up-regulated and 142 down-regulated unique proteins
from the three families were identified from our brain proteome
profiling of the CUMS model, which uncovered the most comprehen-
sive landscape of transmembrane proteome remodeling associated
with depression pathogenesis. In sharp contrast, only 16 dysregulated
proteins were identified when analyzing the whole mouse brain of
the CUMS model (Fig. 5F and table S7). Therefore, the localized
transmembrane proteome remodeling can be only captured by an-
atomical dissection combined with our high-sensitivity quantitative
proteomics.

This group of 233 DE transmembrane proteins identified in our
study is enriched in 13 pathways, including synaptic vesicle cycle,
nicotine addiction, oxidative phosphorylation, calcium signaling,
and adenosine 3’,5-monophosphate (cAMP) signaling (Fig. 5G).
In addition, they are enriched in molecules known to be involved in
the development of Parkinson’s disease and Alzheimer’s disease,
which may indicate shared molecular mechanisms between neuro-
degeneration and depression, as noted previously (35).

Discovery of two GPCR proteins as novel regulators

of depression

Given our particular interest in mining the GPCR family in search
of the molecular regulators, we examined 35 GPCRs showing sig-
nificant differential expression in PFC, HIP, or HY, three regions
engaged in mood disorder and development of depression (31-34).
After an extensive literature search, we were excited to find 19 DE
GPCRs identified from the three regions turned out to be disclosed
regulators of depressive-like behaviors and serve as potential anti-
depression targets, all uncovered by pharmacological intervention
and/or genetic manipulation in vivo (Fig. 6; individual target refer-
ences in table S8) (34, 36-57). Adenosine receptor Al (A;R) was
significantly down-regulated in the PFC and HIP of CUMS mice
(Fig. 6), in line with the findings that A;R overexpression in fore-
brain neurons led to pronounced resilience toward depressive-like
behaviors (36), and coadministration of a regular antidepressant
and an AR agonist produced a synergistic antidepressant effect in
mouse behavioral tests (37). CB1 was significantly down-regulated
in HY (>1.5-fold) and modestly down-regulated in PFC and HIP of
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Fig. 5. Transmembrane proteome profiling of the mouse brain in the CUMS model of depression. (A) Procedure for establishing the CUMS model. (B) Anatomically
dissected brain regions of the control and CUMS mice for proteomic analysis. (C) Number of protein IDs in the expanded DDA library and the GPCR hybrid library specifi-
cally built for the CUMS model. (D) Comparison of GPCR IDs from 11 brain regions of the CUMS model with the two libraries. (E) PCA (top) and HCA (bottom) of regional
expression of all detected transmembrane proteins revealed tight clustering of control and CUMS groups for most of brain regions analyzed. Notice the separation of
control and CUMS groups for PFC and HY in the PCA plot. (F) Number of up- and down-regulated GPCRs, ion channels, and transporters identified in each region (left).
Number of unique DE proteins from the GPCR/ion channel/transporter families identified in total by multiregional analysis and by whole brain analysis (right). (G) Signifi-
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cGMP-dependent protein kinase.

CUMS mice (>1.3-fold) (Fig. 6). Consistently, genetic deficiency
(38) or antagonism (39) of CB1 caused an increase in depressive-like
behavior, whereas cannabinoids with CB1 agonist activity alleviated
depressive-like symptoms in animal models (40, 41). Nociceptin re-
ceptor (NOP) was significantly up-regulated in PFC of CUMS mice
(Fig. 6), in line with the finding that targeting NOP with its antago-
nist has translated to antidepressant-like effects in rodent models
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and to an antidepressant efficacy in patients with major depressive
disorder (42).

We then selected two DE GPCRs that have never been implicated in
depression for functional evaluation. Neuromedin B (NMB) receptor
(NmbR) was only detected in PFC and HY of control mice, suggesting
suppressed expression in the two regions of CUMS mice (Fig. 6). The
NmbR mRNA level was down-regulated by 1.6- and 1.9-fold in the two
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regions (P < 0.05 for both) as revealed by qPCR (fig. S7A). To examine
whether modulating the NmbR activity would affect the acute
depressive-like behaviors in mice, we stereotactically infused an NmbR
agonist NMB into the medial prefrontal cortex (mPFC). Significantly
reduced immobile time was observed in mice at 1 and 24 hours after
infusion of a higher dose of NMB (1.25 ug each side) in both TST and
EST, indicating a rapid and lasting anti-despair effect (fig. S7, B and C).
Infusion of NMB at the higher dose into mPFC did not induce anxiety
behavior or aberrant locomotion in the open-field test (OFT) (fig. S7D).

Next, we evaluated the effect of NMB in a validated mouse model
of depression, chronic restraint stress (CRS) (58), based on multiple
behavioral tests (Fig. 7A). Mice exposed to 14-day consecutive CRS
received a local infusion of NMB into mPFC (1.25 ug each side),
which was sufficient to reverse the depressive-like behaviors as
measured in TST, FST, and SPT at 1 and 24 hours after infusion
(Fig. 7, B and D). No change was observed in the general locomo-
tion or anxiety behavior of NMB-treated CRS mice in the OFT (fig.
S7E). Moreover, preinfusion of an NmbR antagonist, PD168368,
completely blocked the antidepressant effect of NMB in the TST at
1 hour after infusion (Fig. 7E). Given that NMB also functions as an
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agonist for gastrin-releasing peptide (GRP) receptor (GrpR), which
is closely related to NmbR (59), we evaluated the potent cognate
agonist of GrpR, the GRP, in the CRS model. Local infusion of GRP
into mPFC at doses comparable to or fivefold higher than NMB
produced no antidepressant effect in the TST (Fig. 7E). These re-
sults suggested that NMB elicited a fast-acting antidepressant re-
sponse in vivo mainly through the activation of NmbR.

Among several Frizzled (FZD) receptors found to be dysregulated
in CUMS mice (Fig. 6), we selected Fzd7, which was up-regulated
by 1.54-fold in HY and by 1.31-fold in PFC (P < 0.05 in both re-
gions), for further examination. The Fzd7 mRNA level was not
significantly altered in the two regions of the CUMS model (fig.
S7A). For pharmacological evaluation, we produced an antibody
(OMP-18R5) initially identified by binding to human FZD7 and
later found to interact with four other FZD receptors (fig. S7f) (60).
Stereotactic infusion of OMP-18R5 into the mPFC significantly
reduced the immobile time in the TST at 1 hour after infusion for
the medium dose tested (2.5 pug each side), while a lower (0.25 pg) or
higher (12.5 ug) dose had no such effect (fig. S7J). Concordantly,
infusion of OMP-18R5 (2.5 ug each side) into the mPFC significantly
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Fig. 7. Discovery of novel GPCR regulators of depressive-like behaviors in the

40

mouse model. (A) Procedure for establishing the CRS model and performing stereo-

tactical infusion of selected compounds into the mPFC before multiple behavioral tests. (B to D) Antidepressant effects of stereotactic infusion of NMB (1.25 ug each side)

into the PFC at 1 and 24 hours after infusion as measured in the TST (B), FST (C), and

SPT (D). (E) Abolished antidepressant effect of NMB (1.25 pg each side) by preinfusion

of PD168368 (10 ug each side) into the PFC and no antidepressant effect of infusion of GRP (1.25 and 6.25 pg each side) into the PFC at 1 hour after infusion as measured

in the TST. (F to H) Antidepressant effects of stereotactic infusion of OMP-18R5 (2.5

ug each side) into the PFC at 1 hour after infusion as measured in the TST (F), FST (G),

and SPT (H). Data are means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

suppressed the depressive-like behaviors in the CRS model as
measured in TST, FST, and SPT at 1 hour after infusion (Fig. 7,
F to H), while the immunoglobulin G (IgG) isotype control had no
such effects (fig. S7, G to I). Unlike NMB, OMP-18R5 did not retain
its antidepressant effect at 24 hours after infusion either in the naive
mice or the CRS model (fig. S7, ] and K). Thus, our results revealed
a rapid antidepressant response in mice induced by the FZD anti-
body, which indicated the regulatory role of Fzd7 or other FZD re-
ceptors in depression.
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DISCUSSION

Transmembrane proteins at the cell surface play central roles in medi-
ating cell-cell communication, vital for synaptic transmission and
plasticity in the CNS (13, 14). Profiling the distribution and dynamics
of the transmembrane proteome in intact brain tissues, however, has
remained a daunting task due to technical difficulties in extracting, pro-
cessing, and identifying these highly hydrophobic and low-abundance
proteins (8). As a result, most of the global proteomics of cells and
tissues in CNS are biased toward the abundant soluble proteins in
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the cytosol or nucleus (10, 11, 61, 62). Our study provides a new
workflow for sensitive and accurate profiling of the transmembrane
proteome, especially the GPCR proteins, in brain tissues. With this
approach, we have identified and quantified 143 and 158 GPCRs
from the region-resolved mouse brain at a resting state and in the
CUMS depression model, respectively, which more than doubles
the largest number of GPCR IDs reported in mouse brain tissue (10).
The unprecedented depth of mapping GPCRs and other trans-
membrane proteins in this study is attributed not only to cell
membrane fractionation but also to our application of the DIA MS
technology empowered by the targeted hybrid library strategy
(Figs. 2, Band C, and 5D).

A limitation of our approach is the lack of cell type specificity
when profiling the transmembrane proteome in the heterogeneous
brain tissues. Although this may be beneficial for unbiased searches
for potential drug targets, as showcased in our ID of key regulators
of depression, we envision that this drawback could be overcome by
combing our approach with an innovative APEX (ascorbic acid per-
oxidase) labeling technique for resolving cell type-specific cell surface
proteomes in transgenic animals (14). In addition, note that we identi-
fied considerably more GPCRs and comparable numbers of ion channels
and transporters using the targeted hybrid library versus the
project-specific DDA library. Because the targeted hybrid library was
built on single-shot DIA MS data and in silico prediction results, it
is possible to avoid laborious prefractionation-based DDA MS anal-
ysis so as to work on exceedingly small amounts of cells or tissues.

Because transmembrane proteins, especially GPCRs, are major
targets for drug development, we applied our approach to captur-
ing regional changes of the brain transmembrane proteome in a
mouse depression model. Just by looking into the DE GPCRs in
three brain regions, we identified 19 regulators of depressive-like
behaviors that have been disclosed over the past 15 years (Fig. 6).
The extraordinary efficiency of our proteomic screen of potential
drug targets is further illustrated by the discovery of two novel
GPCR regulators of depression, NmbR and Fzd7. The role of NmbR
in CNS is mainly associated with thermoregulation and smooth
muscle contraction (59, 63), while the class FZD GPCR family is
known to mediate Wnt/B-catenin signaling in embryonic develop-
ment and tissue homeostasis (64, 65). Neither receptor has been
linked to depression or other anxiety disorders. It merits further
investigation whether the NmbR agonist and the Fzd antibody
exert a rapid antidepressant effect through mediating specific neural
circuit formation and whether they share cellular or molecular
basis with the recently approved antidepression drug ketamine
(58, 66, 67).

In summary, our study presents an enabling technology to
characterize the regional distribution and dynamics of the trans-
membrane proteome in brain tissues. This technology, when ap-
plied to a disease model and combined with in vivo pharmacology
tests, allows for exceptionally efficient discovery of molecular regula-
tors that drive disease phenotypes. We anticipate more mechanistic
studies to evaluate the potential of NmbR and Fzd7 as drug targets
for treating clinical depression. We would also encourage neuro-
biologists to further examine the data resources provided in multiple
aspects (brain region-enriched profiles, the PPI network, and pro-
tein dysregulation in the CUMS model), which could lead to more
unexpected findings to enhance our understanding of brain physi-
ology and disease pathogenesis mediated by transmembrane
proteins.
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MATERIALS AND METHODS

Animals and brain tissue preparation

The C57BL/6 mice (Shanghai Jiesijie, Laboratory Animal Technology
Company, China) were housed under a 12-hour light-dark cycle
with ad libitum free access to water and food. The room temperature
and humidity for mice were 22° to 25°C and 40 to 50%. All experimental
mice were male adults (8 to 16 weeks of age) and were habituated
for 1 week at least before the experiments. All experimental procedures
were approved by the Institutional Animal Care and Use Committee
at ShanghaiTech University and performed in accordance with Na-
tional Institutes of Health guidelines. The mice were euthanized with
2% chloral hydrate and rapidly dissected to obtain 10 main brain regions
(olfactory bulb, cerebral cortex, cerebellum, HIP, midbrain, spinal cord,
striatum, thalamus, pons, and medulla) at a resting state. For the CUMS
model, the controland CUMS mice were euthanized and dissected to
obtain 11 brain regions (olfactory bulb, PFC, cerebellum, HIP, midbrain,
spinal cord, striatum, thalamus, pons, medulla, and HY). The fresh
brain regions were immediately transferred into individual tubes, frozen
on liquid nitrogen, and stored at —80°C until further processing.

Cell membrane fractionation and protein digestion

Most of brain regions were dissected from two to three mice and
pooled as a replicate, except for the thalamus and HY dissected
from five mice per replicate. Brain region sampling and the total
number of mice sacrificed for specific proteomics experiments are
summarized in table S9. Each region was prepared in quadrupli-
cate for the resting-state mice and in triplicate for the CUMS model
(both control and CUMS groups). Brain regions were homoge-
nized in the isolation buffer of 30 mM tris-HCI (pH 7.4), 0.1 mM
EDTA, 0.5% bovine serum albumin (BSA), 300 mM sucrose, sup-
plemented with EDTA-free complete protease inhibitor cocktail
tablets (Roche). The homogenate was centrifuged for 15 min at
3000g at 4°C. The cell pellet was resuspended in the isolation buffer,
homogenized, and centrifuged for 20 min at 10,000g at 4°C. The
supernatant was collected and subjected to ultracentrifugation for
1 hour at 160,000g at 4°C. The resulting membrane pellet was
washed with 100 mM Na,COj; and 100 mM tris-HCI (pH 7.4) sep-
arately and ultracentrifuged at 160,000¢ for 1 hour at 4°C. The
membrane pellet was resuspended in the lysis buffer of 5% SDC
(sodium deoxycholate) and 50 mM NH4HCOj3 and heated at 95°C
for 5 min. Protein concentration of the membrane extract was de-
termined by BCA assay (TTANGEN, Beijing, China).

About 20 pg of protein extract from each brain region replicate was
reduced with 15 mM dithiothreitol at 56°C for 30 min and alkylated
with 40 mM iodoacetamide at room temperature for 30 min. Protein
samples were diluted with 50 mM NH4HCO3 to a final SDC concen-
tration of 0.5% before trypsin (Promega, Madison, USA) was added
at an enzyme-to-protein ratio of 1:50 (w/w) for incubation at 37°C over-
night. After quenching the digestion with 1% FA (formic acid), the super-
natant was desalted with the C18 microspin column (The Nest Group,
USA) and lyophilized under vacuum. The protein digest from each replicate
was spiked in with an iRT (indexed retention time) reference kit
(Biognosys, Zirich, Switzerland) and split into two, one half for the
DIA MS analysis and the other half for the high-pH reversed-phase
(RP) fractionation and DDA MS analysis.

High-pH RP fractionation of protein digests
Protein digests from the four replicates of each brain region from
the resting-state mice were pooled and loaded onto an equilibrated,
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high-pH, RP fractionation spin column (Pierce). Peptides bound
to the hydrophobic resin were desalted by washing with water. A
step gradient of acetonitrile (5 to 50%) in a volatile high-pH elution
solution was then applied to elute peptides into eight fractions
sequentially. For the CUMS model, protein digests from five or
six brain regions of CUMS mice were pooled and fractionated into
eight fractions using the same procedure. All fractionated samples
were dried under vacuum centrifuge and stored at —80°C before nano—
liquid chromatography-tandem MS (nanoLC-MS/MS) analysis.

NanoLC-MS/MS analysis

DDA MS analysis

The fractionated peptide samples were dissolved in solvent A (0.1%
formic acid) and separated on an analytical column (200 mm by 75 pum)
and in-house packed with C18-AQ 3-um C18 resin (Dr. Maisch
GmbH, Germany) on a nanoflow EASY-nLC 1000 system (Thermo
Fisher Scientific), using a gradient of 5 to 35% solvent B (0.1% for-
mic acid in acetonitrile) over 120 min at a flow rate of 300 nl/min.
DDA MS analysis was performed on an Orbitrap Fusion Tribrid mass
spectrometer (Thermo Fisher Scientific). The acquisition method
was set to the following parameters: survey scan resolution, 60,000
at 400 mass/charge ratio (m/z); AGC (automatic gain control) tar-
get, 4 x 10°; maximum injection time, 50 ms; the range for survey
scans, 300 to 1700 m/z; top 12 precursors selected for MS2 data
acquisition; MS/MS scan resolution, 30,000; AGC target, 1 x 10°
maximum injection time, 50 ms; isolation window, 1.6 m/z; normal-
ized collision energy (NCE), 30 + 5%; dynamic exclusion time, 60 s.
DIA MS analysis

Protein digest from each brain region replicate was analyzed using
an EASY-nLC 1200 system (Thermo Fisher Scientific) coupled to a
Q-Exactive HF-X mass spectrometer (Thermo Fisher Scientific). In
the DIA mode, the precursor ions were fragmented in 35 variable
windows covering a range of 300 to 1250 m/z. The resolution of
Orbitrap analyzer was set to 60,000 for MS1 and 30,000 for MS2.
The AGC was set to 3 x 10° in MS1 and 1 x 10° in MS2, with a max-
imum injection time of 20 ms in MS1 and 50 ms in MS2. The NCE
was 30%. LC gradient was set as follows: 5 to 26% solvent B (0.1%
formic acid and 80% acetonitrile) in 90 min; 26 to 45% solvent B in
30 min; 45 to 100% solvent B in 4 min; and 100% solvent B in 6 min.

Project-specific DDA library generation

The 80 DDA raw files acquired from fractionated protein digests
from 10 brain regions were combined and searched using Proteome
Discoverer 2.2 (Thermo Fisher Scientific) against mouse Swiss-Prot
sequence database (July 2017, 16,905 entries) supplemented with a
contaminant database and a protein entry containing the iRT peptide
sequences. The search parameters included cabamidomethyl (C) as
a fixed modification; acetylation (at protein N terminus), and oxi-
dation (M) as variable modifications; trypsin/P as the specific enzyme;
maximal two missed cleavages per peptide allowed; a precursor ion
mass tolerance of 10 parts per million; and a fragment ion tolerance
of 0.02 Da. FDRs on PSM (peptide spectrum match)/peptide/protein
levels were all set to 1%. The resulting search result file was imported
to Spectronaut 12.0 (Biognosys, Ziirich, Switzerland) to generate a
project-specific spectral library with default settings. In the CUMS
model data analysis, the additional DDA raw files acquired from
pooled brain region digests were searched in the same manner, and
the research result was merged with the original DDA library to
generate an expanded DDA library specific for the CUMS model.
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Initial DIA library generation

The initial DIA library was generated by searching all DIA raw data
acquired from 10 brain regions (40 runs in total) of the resting-state
mice or from 11 regions (66 runs in total) of the CUMS model
against mouse Swiss-Prot sequence database (July 2017, 16,905 en-
tries) plus the iRT kit FASTA format sequences using Spectronaut
12.0. Standard settings were adopted as follows: Trypsin/P as the
specific protease; maximal two missed cleavages per peptide allowed,
carbamidomethyl (C) as fixed modification; and oxidation (M) and
acetylation (at protein N terminus) as variable modifications; FDRs
on PSM/peptide/protein levels were all set to 1%.

Targeted hybrid library generation

Deep learning model training and testing

Here, we used pDeep2 (19) and DeepRT (20) to predict fragment
ion intensities and calibrated retention time (RT) values, respectively,
from given peptide sequences. To train these two deep learning models
with our project-specific data, we filtered the initial DIA library to
retain a fraction of high-quality data if they met the following crite-
ria: a peptide length of 7 to 26 residues, a charge state of +1 to +5,
and at least six fragment jons assigned in the PSM. The filtered data
were split at a ratio of 9:1, and 90% of peptide precursor entries were
used for model retraining and 10% of entries for model testing. Re-
training pDeep2 and DeepRT models were conducted according
to a previously described procedure (21) for the 10-region mouse
brain data and the CUMS model’s brain data separately. The performance
of retrained pDeep2 was evaluated on the basis of the similarity be-
tween predicted and experimental MSMS spectra (PCC), while the
performance of retrained DeepRT based on the deviation of predicted
iRT from experimental iRT for 95% data points (AiRTosy,) and the
linear regression between predicted and experiment iRT (R”) as
previously described (21). Retrained models based on the 10-region
brain data or the CUMS model data demonstrated overall excellent
performance in the model testing (fig. S1, C to F).

In silico digestion of the GPCR protein family members

The protein sequences of all 524 mouse genome-encoded GPCRs
(listed in table S1) were subjected to in silico digestion under the
following condition: trypsin specificity, no more than one missed
cleavage, a peptide length from 7 to 33 residues, and a charge state
at 2 or 3. A fixed carbamidomethyl modification on Cys were in-
stalled on all peptide sequences, and no variable modification was
considered. This best-performing digestion condition was selected
from 12 different sets of conditions in a previous study to yield the
largest number of GPCR IDs with the highest percentage of bona
fide IDs (21). For decoy library generation, we reversed the protein
sequences of 524 mouse GPCRs and applied the same procedure to
generate decoy GPCR peptide precursors. In silico digestion was
also performed for the ion channel and transporter family members
encoded in the genome.

Construction of GPCRhybridlibraries and subgroup FDR control
The validated pDeep2 and DeepRT models were used to predict the
MS/MS fragmentation pattern and calibrated retention time for each
GPCR peptide precursor yielded from in silico digestion. The out-
puts were combined to generate a GPCR virtual library, which was
then merged with the initial DIA library to construct a GPCR family-
targeted hybrid library. Targeted hybrid libraries for the ion channel
and transporter families were also constructed in the same proce-
dure. Notice that this targeted hybrid library strategy was the most
effective in profiling GPCRs as very little increase in the subproteome
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coverages was observed for the ion channel and transporter families
when searching data with their targeted hybrid libraries (fig. S2, F and G).
Meanwhile, a decoy GPCR hybrid library was generated by merg-
ing a decoy GPCR virtual library (built on the decoy GPCR peptide
sequences) with the same initial DIA library. This decoy hybrid library
structurally resembling the GPCR hybrid library was used to assess
the subgroup FDR for GPCR peptide ID from DIA MS data search
with the GPCR hybrid library. This subgroup FDR was defined as

Hits decoy

FDRaw = Hitshybrid

where the Hitsgecoy is the number of decoy GPCR peptide IDs from
data search with the decoy hybrid library, and the Hitspybriq is the
number of GPCR peptide IDs with the GPCR hybrid library. We
filtered GPCR IDs in data search results on the basis of the Cscore
value so as to restrict the subgroup FDR less than 5% at the peptide
level for any data search with a GPCR hybrid library (figs. S2, A and
C, and S6D). Search results were not filtered for data search with a
conventional DDA library.

DIA MS data processing

The DIA MS data were processed using Spectronaut 12.0 in the
library-dependent mode. The aforementioned project-specific DDA
library, the targeted hybrid library built for a selected protein fami-
ly, and the corresponding decoy hybrid library were imported sep-
arately along with a specific dataset. For the resting-state 10-region
analysis, DIA MS raw data from all regions were imported; for the
CUMS model analysis, the raw data from paired control and CUMS
groups for each brain region were imported and processed. DIA MS
data search was performed with default settings in Spectronaut: a
precursor and protein Q value cutoff of 0.01 (meaning the global
FDR of <1% at both levels), quantification based on MS2 area, local
normalization, and decoy generation method “mutated.” The refer-
ence iRT peptides were used to calibrate the retention time. Protein
ID and quantification reports were exported for further analysis. In
the CUMS model experiment, proteins with a fold change of >1.5
and a P value (adjusted for multiple testing) of <0.05 between the
control and CUMS groups of any brain region were regarded
DE. DE GPCRs were merged from those identified using the DDA
library or the GPCR hybrid library.

Bioinformatic analysis

Comparison of multiregional proteomic and

transcriptomic datasets

In our DDA and DIA MS data search results, the first ID from each
protein group was retained as a unique protein ID for further anal-
ysis. The multiregional ISH data were downloaded from the Allen
Brain Atlas, and the RNA-seq data were downloaded from The Hu-
man Protein Atlas. Spearman correlation analysis was performed on
1733 transmembrane protein—coding genes, which were measured
in at least five brain regions by both proteomic and ISH analysis,
and on 1738 transmembrane protein-coding genes measured in at
least five brain regions by both proteomic and RNA-seq analysis.
PCAand HCA

PCA was implemented with the python package scikit-learn. The
input matrix was z score-scaled, and the PCA parameters were set
as default. HCA was implemented with the python package SciPy
(68). The metric for hierarchical clustering was set to cosine, and
the method was set to average.

Lietal, Sci. Adv. 2021; 7 : eabf0634 21 July 2021

Protein coexpression analysis

Pearson correlation analysis was performed between each GPCR with
any of the other proteins codetected in at least five brain regions in our
proteomics data. Putative PPI pairs were retained if their coexpression
PCCs were above 0.7. Known GPCR interacting partners were retrieved
from STRING database (69) with a score cutoff of 0.4 (https://string-
db.org/api). Cytoscape (version 3.8.0) (70) was used to create a
predicted interaction map for GPCRs and transmembrane proteins
based on high-stringency coexpression profiles (PCC, >0.9).
Pathway enrichment

Pathway enrichment analysis of DE proteins identified in the CUMS
model was implemented with DAVID Bioinformatics Resources 6.8
(https://david.ncifcrf.gov/). Pathways with P < 0.001 were regarded
significantly enriched.

RT-qPCR analysis

Different brain regions from three to five mice were dissected and
processed for RT-qPCR. The brain tissue was dissolved in 1 ml of
TRIzol (Invitrogen, Life Technologies), and the total RNA was prepared
according to the manufacturer's protocol. Total RNA was reverse-
transcribed using the cDNA synthesis kit (Takara, China) into
cDNAs, which were subjected to qPCR reactions on a CFX96 real-time
qPCR system (Bio-Rad) using ChamQ SYBR Color qPCR Master
Mix (Vazyme, China). Primers are as follows: Gria2, 5'-GCCGAG-
GCGAAACGAATGA-3’ (forward) and 5'-CACTCTCGATGC-
CATATACGTTG-3’ (reverse);

Slc5a7, 5 -ATGTCTTTCCACGTAGAAGGACT-3’ (forward) and
5-TTGCCGCTGTTTTTGGTTTTC-3' (reverse);

Slc6a3, 5'-TACGTGGGCTTCTTCTACAATGT-3’ (forward) and
5'-GTTGCTGCTATGTGCATCAGA-3’ (reverse); B-actin, 5'-GGCT-
GTATTCCCCTCCATCG-3' (forward) and 5'-CCAGTTGGTAA-
CAATGCCATGT-3’ (reverse). The relative quantification of gene
expression was analyzed using the 2724 method. Data were nor-
malized to B-actin.

Immunoblotting

Tissue lysates were extracted from each brain region in 5% SDS and
50 mM NH,HCOj; buffer supplemented with protease and phos-
phatase inhibitor cocktails (Roche). Total proteins of 20 ug were
loaded and separated on 10% gels and transferred onto polyvinylidene
difluoride membranes (Millipore, USA). Then, the membranes were
blocked in 5% milk for 1 hour at room temperature and incubated
overnight at 4°C with primary antibodies diluted in 5% milk. The
primary antibodies were as follows: anti-Gria2 (ab133477, Abcam),
anti-Slc6a3 (ab184451, Abcam), anti-Slc5a7 (sc-33713, Santa Cruz
Biotechnology), anti-myelin basic protein (MAB386, Merck Millipore),
anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (60004-1,
ProteinTech). The membranes were washed five times with TBST (Tris
Buffered Saline with Tween 20) and then incubated with secondary anti-
bodies for 1 hour at room temperature. After washing with TBST, en-
hanced chemiluminescence was added, and the membrane was
scanned on the imager system (Bio-Rad, USA).

Immunostaining of rat hippocampal neurons and mouse
brain slices

The hippocampal neuron culture was prepared from neonatal Sprague-
Dawley rats as previously described (71). At 14 days of in vitro culture,
hippocampal neurons were fixed with 4% (w/v) paraformaldehyde in
phosphate-buffered saline (PBS) for 15 min. For brain slice preparation,
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C57BL/6 mice (8 weeks old) were first anesthetized with sodium pento-
barbital (40 mg/kg, intraperitoneally). They were then perfused
with normal saline (at 37°C), followed by ice-cold 4% (w/v) para-
formaldehyde. The brain were postfixed, dehydrated in 30% su-
crose solution, and cut into 20-um-thick coronal sections with the
freezing microtome (CM 1950, Leica).

Both cultural neurons and brain slices were rinsed in 0.01 M PBS
(pH 7.4) and incubated with 10% BSA in PBS with 0.3% Triton
X-100 at room temperature for 0.5 hours. They were then incubated
overnight at 4°C with the primary antibodies diluted in 1% BSA with
0.1% Triton X-100 against Slc6a3 (rabbit, ab184451, Abcam;1:200), NeuN
(mouse, MAB377, Merck; 1:1000), FLRT3 (goat, AF2795, R&D Systems;
1:200), and CB1 [Rb (rabbit), 93815, Cell Signaling Technology; 1:200].
After washing, the samples were incubated for 2 hours with the cor-
responding secondary antibodies (Invitrogen; 1:1000). Then, they were
washed and mounted with Prolong gold (P36930, Life Technology).
Z-stack images were collected on a laser scanning confocal micro-
scope (Nikon A1R) with a voxel interval of 0.5 um. Fiji software
(https://imagej.net/Fiji) was used for imaging data processing.

In situ proximity ligation assay

The Duolink in situ PLA detection kit (catalog no. DUO92105-1KT,
Sigma-Aldrich) was used, and the protocol was followed. Brief-
ly, CHO cells or primary hippocampal cultured neurons were fixed,
blocked, and incubated with the antibodies against CB1 and FLRT3
overnight, similar to the immunostaining procedure above. On the
next day, all remaining incubation steps were performed at 37°C.
Equal amounts of a plus PLA probe and a minus PLA probe, which
bind to the CB1 and FLRT3 antibody respectively, were mixed and
1:10 diluted. After washing with PBS, cells were incubated with the
probe pair for 1 hour then washed with 1 x washing buffer A. Ligase
was diluted 1:40 with 1x ligation buffer and applied to cells for
0.5 hour. After washing, polymerase was then added to cells at
1:80 diluted in 1x amplification stock and incubated for 2.5 hours.
Cells were washed twice with 1x washing buffer B, once with 0.01 x
washing buffer B, and once with PBST (PBS with Tween 20).
Then, cells were mounted with the mounting medium containing
4',6-diamidino-2-phenylindole. Images were acquired as described
above and further processed with Fiji software.

Immunoprecipitation

Following tetracycline induction, CB1-CHO cells were washed with
ice-cold PBS and suspended in IP buffer containing 50 mM tris-HCI,
120 mM NacCl, 0.5% NP-40, 0.2% n-dodecyl-B-p-maltopyranoside,
5% glycerol, and 1x protease inhibitor cocktail (pH 7.5). The lysate
was centrifuged, and the resulting supernatant was incubated with
the rabbit anti-CB1 (93815, Cell Signaling Technology) antibody
for 20 min at 4°C. Immunocomplex was incubated with Protein A
Magnetic beads (Bio-Rad, USA) overnight on a rotating wheel at
4°C. The beads was then washed five times in wash buffer containing
20 mM tris-HCI, 100 mM NaCl, 1 mM EDTA, and 0.5% NP-40
(pH 8.0). The immunoprecipitates were mixed with the loading
buffer and resolved by SDS-polyacrylamide gel electrophoresis
(PAGE). Western blots were performed with relevant antibodies.
Rabbit IgG was used as a negative control.

FZD7 antibody production
The human FZD?7 antibody, OMP-18R5, was produced as previous-
ly described (60). Briefly, the genes encoding heavy and light chains
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of OMP-18R5 were cloned into the pTT5 vector and transfected
into FreeStyle 293-F cells (Thermo Fisher Scientific). After 6-day
culture, the supernatant from 2 x 10° cells was harvested by centrif-
ugation at 6000g at 4°C for 20 min and clarified by centrifugation
again at 4000g at 4°C for 30 min. The antibody was affinity-purified
on an rProtein A chromatography column (GE Healthcare) and
eluted with 100 mM Na citrate-HCI (pH 3.5). The eluted fraction
was quickly neutralized by adding one-sixth volume of 1 M tris-HCl
(pH 8.0), followed by buffer exchange to PBS (pH 7.4) in a 50-kDa
concentrator (Merck Millipore). The protein purity was assessed by
SDS-PAGE and analytical size exclusion chromatography as shown
in fig. S7F.

Mouse depression model procedures

CUMS procedure

The CUMS procedure was performed as described previously (72, 73)
with certain modifications. C57BL/6 mice were single-housed and
received 3 weeks of unpredictable mild stressors. These stressors were
performed in a random order with gradually increased intensity.
Specific stressors included (i) food deprivation (24 hours), (ii) water
deprivation (24 hours), (iii) soiled cage (200 ml of water in the saw-
dust bedding, 24 hours), (iv) 45° cage tilt (24 hours), (v) overnight
illumination (12 hours), (vi) clipping the tail (1 hour), (vii) restraint
in a 50-ml tube (6 to 8 hours), (viii) social attack (15 min), and (ix)
foot shock (1.75 mA, 40 min). Control mice were group-housed in
aneutral environment, and all mice lived under comparable environmental
conditions. Two days after the CUMS procedure, behavioral tests were
performed in the order of SPT, OFT, TST, and FST on individual
mice, with at least 2-hour resting time between two different tests.
CRS procedure

C57BL/6 mice were individually restricted in 50-ml conical tubes
for 2 to 3 hours per day in the light phase, and the procedure was
performed for 2 weeks as previously described (58).

Compound administration to mouse models

Stereotactic surgery

Mice were anesthetized with isoflurane (1.0 to 1.5%) and oxygen
(0.6 to 0.8 liters/min), fixed on a stereotaxic device (RWD, China)
with the brain skull surface exposed. All surgical instruments were
sterilized with alcohol. For cannula implantation, a 26-gauge dou-
ble stainless steel cannula (RWD, China) with 3.0 mm in length was
slowly implanted into the mPFC (anterior-posterior, +1.60 mm from
the bregma; medial-lateral, £0.35 mm from the sagittal structure;
dorsal-ventral, —1.70 mm from the dura).

Compound infusion

Porcine NMB was purchased from Tocris (USA), and GRP and
PD168368 were purchased from Cayman Chemical (USA). Fzd7
antibody OMP-18R5 was in-house-produced. All mice were recovered
for at least 7 days after the surgery. Before compound infusion, a
26-gauge double internal injector with 3-mm projection was placed
into the guide cannula. NMB (0.25/1.25 pg each side, 500 nl), GRP
(1.25/6.25 pg each side, 500 nl), PD168368 (10 ug each side, 500 nl),
OMP-18R5 (0.25 pg/2.5 pug/12.5 pg each side, 500 nl), or 0.9% saline
(500 nl) was administered at a rate of 200 nl/min through the injec-
tor. Injector cannula was removed 5 min after infusion.

Animal behavioral tests
All mice were 10 to 16 weeks old for behavioral tests, which were
performed between 14:00 p.m. and 21:00 p.m. In specific, SPT and
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