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ABSTRACT

Recent studies have highlighted spatially resolved multi-omics technologies, including spatial genomics,
transcriptomics, proteomics, and metabolomics, as powerful tools to decipher the spatial heterogeneity
of the brain. Here, we focus on two major approaches in spatial transcriptomics (next-generation
sequencing-based technologies and image-based technologies), and mass spectrometry imaging tech-
nologies used in spatial proteomics and spatial metabolomics. Furthermore, we discuss their applications
in neuroscience, including building the brain atlas, uncovering gene expression patterns of neurons for
special behaviors, deciphering the molecular basis of neuronal communication, and providing a more
comprehensive explanation of the molecular mechanisms underlying central nervous system disorders.
However, further efforts are still needed toward the integrative application of multi-omics technologies,
including the real-time spatial multi-omics analysis in living cells, the detailed gene profile in a whole-
brain view, and the combination of functional verification.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Mammalian brains are unique in their heterogeneity and are
characterized by complex functional division and dramatic diversity
among cell-types [1,2]. Neuronal cells in different brain regions
constitute a three-dimensional (3D) communication network, laying
the foundation for the functional diversity of the brain [3]. Abnormal
organization of the brain spatial network leads to a number of cen-
tral nervous system (CNS) disorders like neuropsychiatric [4] and
neurodegenerative disorders [5], which collectively constitute a
major global health problem due to growing prevalence and gener-
ally poor outcomes [6]. Undoubtedly, the remarkable spatial het-
erogeneity of the brain makes it difficult to identify drug targets for
CNS disorders. At the same time, the spatial heterogeneity of the
human brain provides opportunities to develop precise targeted
therapies once detailed biomolecule expression profiles and corre-
sponding functional annotations are fully understood [7—10].

Spatial multi-omics is a novel approach to reveal the complex
structural, neurochemical, genetic, and functional heterogeneity of
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the human brain. By separating different areas of the brain and
marking spatial information, spatial omics can collect valuable
information on tissues [11,12]. Depending on research objectives,
spatial-omics can be divided into spatial genomics, spatial tran-
scriptomics, spatial proteomics, and spatial metabolomics. Spatial
transcriptomics is the most well-established spatial-omics tech-
nology for analyzing the spatial heterogeneity of gene expression
levels in tissues [13—17] and has been voted as one of the seven
technologies to watch in 2022 by Nature [18]. Thanks to the
development of single cell sequencing, spatial transcriptomics can
also be used to find key genes in the processes of tissue devel-
opment, functional zoning, disease development, etc. at the single
cell level. Yet in human cells, the protein concentrations are only
weakly correlated with messenger RNA (mRNA) abundance due to
multiple protein regulatory pathways including protein degrada-
tion [19]. After translation, proteins undergo complex processing
(e.g., folding [20] and modifications [21]) that is critical for func-
tional regulation [22], but this post-translational processing
cannot be detected by transcriptomics alone. In contrast, newly
developed spatial proteomics can detect these modifications.
Lipids are also essential components of cells, exhibiting key
functions in metabolism and membrane structure, and provide a
direct cellular metabolic status [23]. In addition, the metabolism of
nerve cells is vigorous, and the types and levels of small molecule
metabolites in neuronal cells are closely related to the regulation
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of neuronal function [24,25]. Spatial metabolomics is a new
strategy to study the spatial heterogeneity of lipids and small
molecule metabolites.

At present, comprehensive analysis from mRNA to proteins and
metabolites is a general trend, and integration of studies with
spatial-omics is highly recommended due to the fact that the level of
mRNA sometimes does not accurately reflect the expression abun-
dance of the corresponding protein [26,27]. Furthermore, compu-
tational integration of multi-omics data has a higher sensitivity in
discovery of specific contributors. For example, the integrated par-
allel single-cell DNA and RNA analysis found that major histocom-
patibility complex class-I downregulation is a specifically
dysregulated in triple-negative breast cancer, but it’s not be seen in
either sequencing method alone [28]. On the other hand, specific
substances or pathways found by each omics data can be evidence of
each other. A comprehensive multi-omics analysis like proteomics,
RNA sequencing and chromatin immunoprecipitation sequencing of
Alzheimer’s disease (AD) brains co-support the upregulation of
histone H3 acetylated lysine 27 (H3K27ac) and histone H3 acety-
lated lysine 9 (H3K9ac), which were linked to transcription, chro-
matin, and disease pathways in AD [26]. Therefore, the integration of
multi-omics data shows the great potential ability to synthesize
more information from a ton of datasets than individual measure-
ments. Here, we review the basic principles of various spatial omics
techniques as well as the computational approaches for spatial
omics. Furthermore, we discuss the applications of spatially-
resolved multi-omics in the CNS, highlighting their contributions
to revealing spatial heterogeneity of the brain and deciphering
pathological mechanisms underlying CNS disorders. More detailed
information on these technologies and applications in neuroscience
is present in the Supplementary data, including the “Spatial tran-
scriptomics” and “Spatial metabolomics and proteomics” sheets.

2. Development of spatial transcriptomic technologies

Spatial transcriptomics technologies are categorized into two
major approaches: next-generation sequencing (NGS)-based tech-
nologies, which assess the location of transcripts before NGS
sequencing, and image-based technologies including in situ hy-
bridization (ISH) and in situ sequencing (ISS) methods.

2.1. NGS-based spatial transcriptomics technologies

NGS-based spatial transcriptomics technologies can be further
divided into three categories based on the ways retaining spatial
information before RNA sequencing. The first approach is charac-
terized by physical dissection with subsequent spatial information
labeling, among which laser capture microanatomy (LCM)-based
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technologies are most well-established (Fig. 1). For LCM, the tissues
are sectioned into slices which are stained and imaged under a
microscope. Subsequently, the targeted regions are cut off using a
microscope-guided laser and captured in pre-labeled containers to
maintain spatial information. The tissues captured in different
containers are further subjected to RNA extraction and reverse
transcription. During RNA reverse transcription, a unique known
sequence (termed barcode) will be added in each container and
subsequently introduced to the complementary DNA (cDNA), after
which samples from different containers can be pooled for RNA
sequencing [29,30]. Theoretically, LCM can also be applied to har-
vest single cells. However, the collection of enough single cells for
building a spatial map is labor-consuming, and the efficiency of a
single cell accurately falling into a given container is relatively low.
To cope with these issues, Jing and co-workers [31,32] proposed an
LCM-based and single-cell-seq-data-corrected spatial tran-
scriptomics technology, called geographical position sequencing
(Geo-seq). In Geo-seq, LCM is employed first to establish a spatial
map landmarked with various spatially enriched genes (named zip-
code genes) and then the single cells will be localized to this map
according to single-cell RNA-seq data and zip-code. Based on LCM,
Geo-seq can be less restricted by the amount of sequencing mate-
rials, but laborious since highly resolved zip-code genes are ob-
tained by manually isolating single cells. In addition, traditional
LCM-based spatial transcriptomics technologies are usually
applied to capture discrete sporadic samples, resulting in a frag-
mented and incomplete transcriptome map. Another
microdissection-based technology, Tomo-seq first proposed by
Junker et al. [33], solved this problem by consecutively cryo-
sectioning individual pallets of tissue in three orthogonal di-
rections (X, Y, and Z axes). RNA extracted from every section will
further go through barcode incorporation during reverse tran-
scription to retain the spatial information. The RNA expression
profiles along the three axes are further mathematically recon-
structed to build a 3D expression atlas [33]. During the mathe-
matical reconstruction, the reads of a given gene are first
distributed along the X axis leaving the reads distributed evenly in
the other two directions. Then, the sequencing reads are redis-
tributed along Y axis with the X position of each read unchanged.
Similarly, the reads undergo the third distribution along the Z axis.
Finally, with iterative proportional fitting algorithm, the RNA
expression pattern is mapped to a 3D binary tissue image initially
captured by a selective plane illumination microscopy [33]. To
further reach the single-cell resolution, Lee et al. [34] developed
XYZeq, which maintains both spatial information and single-cell
identity via two rounds of polymerase chain reaction (PCR)
indexing. Briefly, the tissue cyro-section is partitioned by a micro-
well array, each well of which provides unique primers along with

MLCM
—

cDNA library construction

Laser capture microdissection and sequencing

Fig. 1. The diagram of laser capture microanatomy (LCM)-based spatial transcriptomics technologies. Tissues are sectioned, stained and imaged for morphology. Subsequently, the
regions of interest in the tissue are cut off using a microscope-guided laser and captured in different containers for sequencing. ROI: region of interest; Geo-seq: geographical

position sequencing; cDNA: complementary DNA.
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cell dissociation/permeabilization buffer to label spatial positions
via intracellular reverse transcription. Next, the intact cells are
selected, pooled, and finally split into other plates in a one-cell-
one-well manner, and each well of the new plates contains bar-
coded primers to mark the single-cell identity. After combinatori-
cally barcoding, all cDNAs finally are mixed for sequencing.

In addition to barcoding after physical dissection, bio-
molecules can also be in situ barcoded in a nondestructive way
(Fig. 2). Briefly, barcodes can be introduced to the targeted pro-
teins through antibody, and targeted RNA through hybridization.
The barcodes will then be retrieved from tissue and go through
NGS to analyze the expression profiles of targeted biomolecules.
Typically, in digital spatial profiling (DSP) technology, the pho-
tocleavable oligonucleotide barcodes (PC-oligos) are employed
and covalently attached to mRNA probes or protein antibodies
(Fig. 2A) [35,36]. After being incubated with these PC-oligos-
tagged probes or antibodies, the ultraviolet (UV) light illumi-
nates a selected area (covering 1 to ~5000 cells) of the tissue to
release the PC-oligos which are subsequently collected by
microcapillary aspiration. Another tool, deterministic barcoding
in tissue for spatial omics sequencing (DBiT-seq) has ability to
label spatial information through a pair of microfluidic chips
(Fig. 2B) [37]. Each microfluidic chip contains 50 parallel micro-
channels (down to 10 pum in width). One microfluidic chip is
employed first to introduce barcodes (X;—Xs50) in one direction (X)
and the barcodes bind to the polyA-tail of mRNA via their poly(d)T
sequence. After removing the first microfluidic chip, the second
microfluidic chip is attached to the tissue to introduce another set
of barcodes (Y1—Y5p) in the orthogonal direction (Y). In this way,
the RNA expression profile of a given area can be reconstructed
with its spatial barcode (X;Yj, i = 1-50, j = 1-50). To simultaneous
detection of proteins and mRNA, antibodies tagged with indexed
DNA sequences are incubated with tissue at the beginning. Those
indexed DNA tags also embrace poly(d)A segment in their se-
quences, which is critical to subsequent spatial barcodes binding.
Despite the failure in proteome-wide detection, DSP and DBiT-seq
still provide practical tools for the integration of spatially resolved
multi-omics.

Journal of Pharmaceutical Analysis 13 (2023) 694—710

The third way to retain spatial information for NGS is to capture
biomolecules in a solid surface bearing an oligonucleotide barcode
array (Fig. 3) [38]. Generally, each oligonucleotide barcode contains
a PCR handle (for linear amplification of cDNA library), a spatial
barcode (for labeling spatial positions), a unique molecular iden-
tifier (for distinguishing intracellular mRNA copies from their PCR
amplification products), a poly(d)T region (for mRNA capture), and
a cleavage sequence (for solid surface attachment and dissociation)
[38]. Typically, in spatial transcriptomics (ST) technology, ~200
million capture oligonucleotides in each of 1007 spots (100 pum in
diameter, 200 um in center-to-center distance) are arrayed over an
area of 6.2 mm by 6.6 mm [38]. Since the spatial barcode region of
the oligonucleotides in each spot share the identical sequence, the
center-to-center distance represents the spatial resolution. Visium,
proposed by 10x Genomics, has reached higher spatial resolution
by spreading capture oligonucleotides in ~5000 spots (55 pm in
diameter, 100 um in center-to-center distance) spanning
6.5 mm x 6.5 mm area [15,39,40]. In addition to be ligated directly
to a solid surface, capture oligonucleotides can also attach indi-
rectly via microparticles. Rodriques et al. [41] developed a beads-
based spatial transcriptome technology called Slide-seq. These
beads are 10 um in diameter and each bead distinct capture oli-
gonucleotides. After being deposited in a one-beside-another
manner, the beads form a monolayer over a rubber-coated glass
coverslip and are then spatially indexed by oligonucleotide ligation
and detection (SOLiD) sequencing. By employed barcoded beads,
Slide-seq has almost reached a single-cell resolution (10 pm).
Similarly, Vickovic et al. [42] developed high-definition spatial
transcriptomics (HDST) by randomly spreading capture
oligonucleotides-bearing beads into the 2 um wells of a hexagonal
array. The spatial barcode of distinct well will then be determined
by sequential hybridization [42]. The methods mentioned above
directly load sectioned tissue onto a pre-barcoded solid surface
while some approaches are performed in a different way by
extracting and transferring RNA transcripts from pre-attached tis-
sue slices to another barcoded solid surface. For example, another
technology, sci-Space, incubates tissue slices with spatial barcodes
(termed as hashing oligos) which subsequently permeate into and
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Fig. 2. The diagram of next-generation sequencing (NGS)-based technology: (A) digital spatial profiling (DSP) and (B) deterministic barcoding in tissue for spatial omics sequencing
(DBiT-seq). PC-oligos: photocleavable oligonucleotide barcodes; ROI: region of interest; UV: ultraviolet; mRNA: messenger RNA; Poly A: polyadenylate tails at the 3’ end of
messenger RNAs; RT: reverse transcription; PCR: polymerase chain reaction; cDNA: complementary DNA.
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Fig. 3. The diagram of spatial transcriptomics (ST) technology. Tissue is sectioned and attached to a glass slide bearing a set of barcoded DNA oligonucleotide capture probes. RNA
sequencing (RNA-seq) is performed after in situ messenger RNA (mRNA) capture. The spatial transcriptomic profile will be reconstruction according to spatial barcodes. PCR:

polymerase chain reaction; UMI: unique molecular identifier.

label the nuclei [43]. These hashing oligos spots (~146.4 pm in
diameter, 222 um in center-to-center distance) are arrayed in grid
(18 mm? area) on a glass slide [44]. The hashing oligos are trans-
ferred to tissue by juxtaposing two slides face-to-face, after which
labeled nuclei will be isolated and pooled for combinatorial bar-
coding (similar to XYZeq) to retain single-cell identity. Obviously,
sci-Space achieves the spatial transcriptomic analysis for wide
anatomical regions and retains the single-cell resolution. However,
sci-Space is still limited by low spatial resolution (>200 pm) and
inefficient cell recovery. Recently, Chen et al. [45] proposed another
spatial transcriptome technology in large-field of view, called
spatial enhanced resolution omics-sequencing (Stereo-seq). Stereo-
seq is developed from the DNA nanoball (DNB) sequencing tech-
nology in which chips etched with DNBs are employed to capture
mRNA [46]. In Stereo-seq, each chip harbors 400 DNBs (220 nm in
diameter, 500 nm in center-to-center distance) over a 100 pm? area
and further joints together with each other to cover an mRNA-
capturing area of up to 13.2 cm? [45]. Each DNB in the chip con-
tains distinct barcodes which can be spatially indexed by DNB-
based in situ sequencing [45,46]. In this way, Stereo-seq can pro-
file the gene expression of large-size tissue at a near-subcellular
resolution.

2.2. Image-based technologies

Although NGS-based spatial transcriptomic technologies have
high throughput and good depth, they cannot achieve in situ
transcriptome detection. In contrast, image-based technologies aid
in in situ transcriptome detection and capture the transcriptome at
higher spatial resolution than NGS-based technologies, even
reaching the subcellular level. Image-based technologies can be
divided into two major types: ISH- and ISS-based spatial tran-
scriptome methods (Fig. 4).

Fluorophore-labeled RNA or DNA complementary hybridization
probes are the basis for ISH. Early technology called single-molecule
fluorescence in situ hybridization (smFISH) detects the fluorescence
of these probes after their hybridization with specific mRNA to
realize the visualization of the corresponding mRNAs in a subcel-
lular resolution [47]. Obviously, smFISH can only deal with limited
numbers of targets. To improve the sequencing depth and coverage,
ISH technologies are challenged by high background and low reso-
lution caused by molecular stacking. To overcome these shortcom-
ings, next-generation ISH technologies have been developed using
sequential rounds of hybridization and imaging of fluorophore-
labeled oligonucleotides. Multiplexed error-robust FISH (MERFISH)
technology, developed by Zhuang and co-workers [48], is based on a
set of well-designed encoding probes, which contains targeting
sequences for RNA binding and readout sequences for barcoding
(Fig. 4A) [48]. The readout sequences for corresponding targeting
sequences are pre-indexed and therefore each RNA species can be
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translated to a unique combination of readout sequences. After the
hybridization of encoding probes, fluorophore-labeled readout
probes, which specifically bind the readout sequences in encoding
probes, are added and imaged for successive rounds. The fluo-
rophore detected is photobleached between readout probe hybrid-
ization rounds. In each round, readout probes with distinct
sequences are employed and the fluorescence of each RNA species is
encoded binarily (1 for fluorescence detected after a successful hy-
bridization event and 0 for no fluorescence detected). The binary
codes of RNA species will be decoded with complex algorithm
[48—50]. Theoretically, with 16 rounds of readout hybridization,
over 64,000 (2"—1) RNA species can be identified [48]. However,
increased rounds of readout hybridization dramatically decrease the
number of successful hybridization events, resulting in up to 1001
RNA species detected by the very first version of MERFISH [48]. With
optimized error-correcting encoding scheme, updated decoding
algorithm, and the application of expansion microscopy, MERFISH
has almost enabled a genome-wide spatial transcriptome [51,52].
More importantly, MERFISH can position a single RNA molecule
within the cell by simultaneously visualizing cellular compartments
(like endoplasmic reticulum and nucleus) with immunofluores-
cence. Unlike MERFISH using only one type of fluorophore,
sequential fluorescence in situ hybridization (seqFISH) increases the
number of fluorophores to 4 types thus reducing the cycles of hy-
bridization to 8 (4% > 64,000) [53] (Fig. 4A). However, the diversity
of fluorophores along with molecular stacking cause remarkable
optical crowding and make it difficult to image clearly. Thus, Lubeck
and Cai [54] combined super-resolution microscopy with seqFISH
for a higher resolution. However, super-resolution microscopy takes
longer time in imaging and is limited by higher technique re-
quirements and narrow scope of application in thin samples. To
further overcome these limitations, Cai and co-workers [55] has
proposed seqFISH' by using 60 pseudocolor channels instead of
4-5 fluorophores. These pseudocolours are assigned into three
fluorescent channels (Alexa Fluor 488, Cy3b, and Alexa Fluor 647; 20
pseudocolors per channel), which can be detected by conventional
confocal microscopy. Therefore, three rounds of readout hybridiza-
tion are enough for a near-genome-wide transcriptomic analysis
(3 x 20° = 24,000). In practice, seqFISH* is performed with four
rounds of readout hybridization including one round of error
correction [55]. Notably, seqFISH-based technologies can also be
applied to study single-nucleotide polymorphisms [56] and chro-
mosome loci [57]. Obviously, ISH-based methods provide powerful
tools for spatial transcriptomic analysis. However, it still needs to be
mentioned that these methods work robustly for known sequences
and less likely identity novel transcripts or gene mutations since
they are based on probe hybridization.

Another major type of image-based transcriptome technology
is ISS-based technology which can be further divided into targeted
and untargeted approaches. As a targeted ISS technology,
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error-robust FISH (MERFISH). (B) In situ sequencing (ISS)-based method. mRNA: messenger RNA; cDNA: complementary DNA; SOLID: sequencing by oligonucleotide ligation and

detection.

spatially-resolved transcript amplicon readout mapping (STAR-
map) technology actually reads out the sequence of barcodes
rather than targeted transcripts by sequencing [58]. The first step
of STARmap bypasses the reverse transcription and involves
padlock probes-based in situ amplification of cDNA [59]. These
padlock probes (termed SNAIL probes [58]) contain targeting
sequence for RNA binding and targeting-sequence-coupled bar-
code sequence. By rolling-circle-amplification (RCA), padlock
probes further generate DNA nanoballs each of which contains
multiple copies of the original barcode sequence. The DNA nano-
balls subsequently is transferred to gels (called DNA hydrogels),
during which the 3D distribution pattern of DNA nanoballs will be
maintained to retain spatial information. Finally, the barcodes are
read out in the hydrogels by the sequencing-by-ligation technol-
ogy and the corresponding transcripts can be mapped to the tissue
image [58]. Using this method, it is possible to profile ~1000 genes
three-dimensionally in tissue slices by STARmap [58]. Another
targeted sequencing technology, barcode in situ targeted
sequencing (BaristaSeq) uses the gap padlock probe for in situ
barcode sequencing, resulting in compatibility with Illumina
sequencing platform and higher amplification efficiency [60]. As a
well-established untargeted approach, fluorescence in situ
sequencing (FISSEQ) employs CircLigase to circularize cDNA after
reverse transcription. The circular cDNAs then go through RCA to
amplify their original sequences and generate DNA amplicons.
Importantly, PEGylated bis(sulfosuccinimidyl)suberate (BS(PEG)
9)-mediated cross-linking is applied to stabilize the amplicons,
after which SOLiD sequencing is performed to read out the gene
profile (Fig. 4B) [61]. So far, FISSEQ fails to detect genes with low-
expression due to the inefficient reverse transcription and it also
works mainly in cultured cells [61]. Recently, Alon et al. [62]
proposed a novel ISS approach applicable to tissue samples, called
expansion sequencing (ExSeq). This method combines FISSEQ
with expansion microscopy to achieve a nanoscale resolution [62].
Briefly, the RNA molecules are anchored in a gel material. The gel
physically expands ~4-fold in water enabling nanoscale imaging
with conventional confocal microscope. Moreover, the increased
spatial distance between RNAs making RNAs more accessible, thus
increasing the efficiency of reverse transcription and amplification
with FISSEQ. However, FISSEQ is limited by its short reads (5—30
bp). To improve the gene coverage, the cDNA nanoballs (amplified

698

during FISSEQ) are extracted and subjected to NGS. Brilliantly, the
transcripts readout from NGS can be remapped to tissue images
according to the short reads provided by FISSEQ data [62].

So far, except XYZeq, Sci-space, FISSEQ, and BaristaSeq, other
spatially-resolved technologies mentioned above have already
been applied in neuroscience [3,41,42,55,58,62—68]. In summary,
among spatial transcriptomics technologies mentioned above,
microdissection-based technologies tend to be more labor-
intensive. Through the combination of unbiased cryo-sectioning
and computational analysis, Tomo-seq has saved time to some
extent by skipping manual tissue selection and capture. However,
since the slices in three directions are from distinct samples in the
Tomo-seq protocol, it may not be applicable to clinical samples
which are usually unique and lack duplicates. Moreover, although
LCM is capable of single-cells-isolation, the heat generated by laser
during microdissection will undermine the integrity of RNA. XYZeq
improves the spatial resolution of LCM to the single-cell level
through chemical digestion combined with two rounds of indexing,
saving time and labor to obtain single cells and improving the RNA
quality. However, due to the limitation of barcode diversity and the
cost of barcode synthesis, this technique is more suitable for
research with definitely targeted regions of interest rather than
searching for the region with the most obvious transcriptomic
change in whole tissue. This limitation may be not ignored in the
context of CNS disorders since these pathological states are usually
the overall outcome of a dysfunctional brain network involving
diverse brain regions. Although image-based technologies,
including MERFISH, seqFISH, and FISSEQ, show the most impressive
spatial resolution, these methods are technically difficult and
highly dependent on computational analysis. Fortunately, the
commercial sequencing platform based on MERFISH, MER-
SCOPETM, has been launched. This all-in-one platform for spatial
profiling and analyzing undoubtedly makes the MERFISH protocol
more automatic and repeatable. Its application in clinical samples
and performance when facing large sample sizes are definitely
worthy of expectation. When it comes to commercialization and
popularization, ST technology and Visium are so far the most
famous and easily accessible. As mentioned above, these technol-
ogies actually provide bulk transcriptomic data of extremely tiny
regions instead of single cells. In addition, due to high cost, the
spatial coverage of ST technology is quite limited, so this technology
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is more suitable for assessing certain layers of interest in sample
tissues. As the pioneer in spatially-resolved multi-omics technol-
ogy, DSP provides a valuable platform for integrated analysis of
spatial transcriptomic and proteomic data. Although limited by low
spatial resolution, DSP greatly helps to narrow down the region of
interest which could be further analyzed by single-cell RNA
sequencing to obtain detailed information about cell sub-
populations. Detailed comparisons of different spatially-resolved
transcriptomic techniques are listed in Table S1 [30,32—34,
36—38,40—42,44,45,47—-50,55,58,60—62,67].

3. Spatial transcriptomics technologies in neuroscience

Spatial transcriptomics technologies have been widely used in
neuroscience research in view of their current benefits. Here we
discuss four fields that may particularly benefit from spatial tran-
scriptomics technologies: building the brain atlas, uncovering gene
expression patterns of neurons for special behaviors, deciphering
the mechanism underlying neurological diseases, and under-
standing the molecular basis of neuronal communication.

3.1. Building the brain atlas

The brain is an incredible machine consisting of approximately
100 billion cells [69], therefore establishing a molecular map is a
crucial step in understanding the functional diversity of brain. Here,
we also describe several examples of how spatial transcriptomics
technologies can be used to generate the brain molecular atlas. Ortiz
etal. [63] used the ST method to build a molecular atlas of the whole
brain in adult mice. Similarly, Fang et al. [50] constructed a spatial
atlas of the human middle and superior temporal gyrus by MERFISH
and showed that the cellular composition of these cortical regions in
humans differs from that in mice. Tavares-Ferreira et al. [70] used
10x Visium to profile the spatial distribution of cell subpopulations
in the dorsal root ganglia (DRG) of human. They also compared DRG
neuronal populations of humans to those of nonhuman primates
and identified nociceptor subtypes with special pathological sig-
nificance for pain in humans [70]. The cerebellum is related to motor
function, cognition, emotion regulation, and language. Using the
LCM method, Aldinger et al. [71] generated gene expression profile
maps of the human cerebellum during development. Moreover, by
mapping the genes associated with Joubert syndrome and AD, the
authors identified the key cell types in these two neurological dis-
orders. Shah et al. [67] found that there were conflicting descriptions
of hippocampal organization proposed in recent RNA-seq data and
in the Allen Brain Atlas data. Therefore, they employed seqFISH to
profile gene expression in the hippocampus at single-cell resolution.
Their results revealed that the cell heterogeneity determined by
gene expression recapitulates the anatomical subpopulations in the
dentate gyrus. More importantly, they further uncover the hetero-
geneity of cell populations in CA1 and CA3 [67].

3.2. Uncovering gene expression pattern of neurons for special
behaviors

Spatial transcriptomics have provided researchers with
groundbreaking insights into the molecular basis of certain brain
functions. For instance, the hypothalamus controls diverse social
behaviors including mating, parenting, and aggression, yet the
molecular basis of these behaviors is poorly understood. Moffitt
et al. [49] combined MERFISH with single-cell RNA-seq to create a
spatially resolved cell atlas of the mouse hypothalamus preoptic
region, and identified about 70 different neuronal subtypes.
Furthermore, by combining immunostaining for cfos (a marker for
neuronal activation), MERFISH revealed the key markers of cfos-
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positive neurons in the brain slices of mice subjected diverse
behavior tests. In this way, the gene profile of specific cell types
responsible for different social behaviors can be identified [49].

3.3. Deciphering the mechanisms underlying neurological diseases

Spatial transcriptomics technology provides a new approach to
study the pathological changes of diseases. Using the 10x Visium
method, Maynard et al. profiled the gene expression in the human
dorsolateral prefrontal cortex, a region involved in several neuro-
psychiatric disorders, at high spatial resolution [15]. Integrating
neuropsychiatric disorder gene sets, they subsequently showed the
layer-specific expression of genes relevant to schizophrenia and
autism spectrum disorder. By employing single-cell RNA-seq to sort
8016 cells from six wild-type and AD model mice, Keren-Shaul et al.
[65] identified a novel microglia cell type termed disease microglia
(DAM). They further applied smFISH to locate the DAM and found
that they were located in proximity to Af plaques. Intriguingly,
gene set enrichment analysis suggested that DAM are highly
expressing phagocytic gene. Taken together, these results imply
that DAM are responsible for plaque clearance in AD [65]. Astro-
cytes are also known to be involved in AD pathogenesis. Hasel et al.
[64] combined single-cell RNA-seq with 10x Visium to categorize
and position the astrocyte subtypes in the brain exposed to
different inflammatory stresses (lipopolysaccharide or interferon).

In addition, a comprehensive understanding of the tran-
scriptome spectrum of a disease helps in identifying potential
therapeutic targets. Using the ST technology, Navarro et al. [13]
identified the genes that are differentially expressed in the hippo-
campal and olfactory bulb regions of control and AD model mice.
Furthermore, the authors mined the reported data on these gene’s
expression in the brains of AD patients. Notably, they have found
Bcl-2-related ovarian killer (BOK), a mitochondria-located protein
involved in apoptosis [72] and mitochondrial dynamics [73], was
downregulated in both AD model mice and AD patients. This
finding supports the widely held notion that dysfunctional mito-
chondria contribute to AD pathology [74] and further identifies
BOK may be a potential therapeutic target for AD. In another study,
Chen et al. [14] first employed ST to identify the significantly altered
pathways in AD mice and then confirmed the alteration at single-
cell resolution. The data showed that myelination-related oligo-
dendrocyte genes and inflammation-related plaque-induced genes
play essential roles in the early and late phases of AD, respectively
[14]. Maniatis et al. [75] used ST to obtain gene expression data
from amyotrophic lateral sclerosis (ALS) patients and mice over the
course of the disease to reveal the molecular pathological mecha-
nism of ALS. The results showed that sphingolipid signaling path-
ways are shared by ALS mice and patients. Supportively,
modulators of sphingolipid signaling had already been proposed as
potential therapeutics for ALS [76,77]. Similarly, Gregory et al. [78]
analyzed the transcriptome of brain tissues from ALS patients
including chromosome 9 open reading frame 72, sporadic ALS, and
superoxide dismutase 1 mutant cases using ST technology, and
identified two spatially dysregulated genes, namely ubiquitin spe-
cific peptidase 47 and metabotropic glutamate receptor 3, which
may be responsible for the regional vulnerability to ALS.

Spatial transcriptomic technologies supply single-cell
sequencing data with spatial information to distinguish key path-
ological targets whereas CNS disorders tend to be the overall
outcome of a dysfunctional brain network involving diverse brain
regions. For example, the heterogeneity of diffuse midline glioma-
H3K27 M mutant (DMG) and glioblastoma (GBM) has been estab-
lished by single-cell RNA-seq [79,80]. However, the spatial distri-
bution of different cell types in DMG and GBM remains elusive.
Recently, by performing spatial profiling of DMG and GBM
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combining short- and long-read spatial transcriptomics, Ren et al.
[8] found that oligodendrocyte precursor-like cells mainly cluster in
the tumor core while radial glial stem-like (RG-like) cells aggregate
in the neuron-rich invasive niche in both cancers. These data sug-
gest that these two cell types have different roles and RG-like cells
are more relevant to tumor invasion, which cannot be elucidated
without spatial information. Further combining 10x Visium tech-
nology, they functionally identified a novel target (FAM20C) for
DMG which mediates the invasive growth of RG-like cells in a
neuron-rich microenvironment. Similarly, Ji et al. [9] combined
single-cell RNA-seq with ST technology, and found tumor-specific
keratinocyte (TSK) localized to a fibrovascular niche and TSK-
enriched integrin signaling genes integrin 1 and fermitin family
homolog 1 inhibit the anti-tumor immune response. Furthermore,
by employing light-sheet imaging, Kirschenbaum et al. [10] first
assessed the spatiotemporal pattern of AB-clearing after various
anti-Ap treatments. Interestingly, each anti-Af treatment showed a
unique regiospecific efficacy, highlighting the spatial heterogeneity
of the pathological progression of CNS disorders. By aligning these
spatiotemporal AB-clearance profile with a previously established
spatial-transcriptomic atlas, they further identified genes that may
predict the efficacy of different anti-Af treatments. These results
may thus guide the individualized therapeutics and future preci-
sion medicine for AD.

3.4. Understanding the molecular basis of neuronal communication

Brain exerts its function on the basis of complex communications
between neurons, highlighting the significance of mapping neuronal
connections in the brain and understanding their molecular basis.
Chen et al. proposed a new technology named barcoded anatomy
resolved by sequencing (BARseq) (Fig. 5) [81] via combining multi-
plexed analysis of projections by sequencing (MAPseq) [82] with
BaristaSeq [60]. In MAPseq, short and random RNA barcodes are
employed to uniquely label individual neurons. These barcodes can
be transported into the axon terminal regions by MAPP-n}, a
modified presynaptic protein. Therefore, single neuron projection
patterns can be read out through extracting and sequencing barcode
mRNAs from the injection site and downstream targets of interest.
Combining with these two methods, BARseq maps the projections of
thousands of spatially resolved neurons in a single brain [81]. At
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first, the source region of the labeled neurons is injected with a viral
library containing different barcode sequences. Then, BaristaSeq is
performed at the injection site to read out the spatial barcodes in
each neuron, and simultaneously the downstream areas are micro-
dissected and sequenced via bulk RNA-seq. By employing BARseq,
the authors not only recapitulated the well-known anatomical
connectivity of auditory cortex but also revealed the gene expression
pattern of neurons with distinct projections.

4. Mass spectrometry imaging (MSI) techniques
4.1. From mass spectrometry (MS) to MSI

MS is an analytical instrument that identifies ionized com-
pounds based on their mass-to-charge ratio (m/z). A variety of
methods are used for ionization including electrospray ionization
(ESI), electron impact ionization (EI), atmospheric pressure chem-
ical ionization (APCI), and matrix-assisted laser desorption/ioni-
zation (MALDI). Commercial MS instruments consist of four
components: 1) an automatic sample handling system; 2) an
ionization source (one of the aforementioned types) to generate the
ionized molecules; 3) a mass analyzer, which may be triple quad-
rupole (QgQ), quadrupole ion trap (QTRAP), time-of-flight (TOF),
Orbitrap, Fourier transform ion cyclotron resonance (FT-ICR),
quadrupole-TOF (Q-TOF), or TOF/TOF; and 4) a mass detector to
quantify the abundance of ions. MSI is a rapidly developing tech-
nology that can reveal the spatial distribution of molecules in tissue
sections at cellular and subcellular levels. MSI were first introduced
by Caprioli et al. [83] who employed MALDI-MSI to visualize large
biomolecules in a rat pancreas section, hormone peptide in a rat
pituitary section, and subcellular localization of protein molecules
in 1997. Today, in addition to proteins/peptides measurement in
spatial proteomics, the MSI technology has been able to detect
metabolites such as neurotransmitters [84], amino acids [85], and
fatty acids [86], lipids [87,88], and drugs [89] with spatial infor-
mation in spatial metabolomics.

Similar to MS, MSI uses a focused ionization source (laser,
charged droplets, ion source, etc.) to excite molecules in biological
tissue slices point by point, and then to detect them in mass
spectrometer. It is then possible, when all identified m/z points are
integrated with the sample slide, to build 2D or 3D molecular
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Fig. 5. The diagram of barcoded anatomy resolved by sequencing (BARseq). The source region of labeled neurons was injected with a viral library containing different barcode
sequences. Then, barcode in situ targeted sequencing (BaristaSeq) is performed at injection site to read out the spatial barcodes in each neuron, and simultaneously the downstream
areas are micro-dissected and sequenced by bulk RNA sequencing (RNA-seq). mRNA: messenger RNA; cDNA: complementary DNA.
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maps. The probe-type MSI technique is classified in three types
according to the ionization method used: 1) MALDI [90,91], which
is capable of detecting large scale of chemicals, 2) secondary ion
mass spectroscopy (SIMS) [90], with high sensitivity for element
detection, and 3) constant pressure open ionized MSI technology,
for instance the recently developed desorption electrospray
ionization (DESI) (Fig. 6) [92]. In MALDI analysis, tissue sample is
attached on a conductive plate followed by matrix coating. The
mixture was shot by laser and then the analyte was induced to
ionization via the energy transition from matrix. In SIMS analysis,
tissue slide is attached on conductive plate without matrix. When
the analyte in touch with high energy ion beams, primary ion and
secondary ion bombarded and be measured in TOF mass analyzer
on a regular basis. In DESI analysis, samples are mounted on a
non-conductive surface and analyte is taken up by the charged
solvent droplets directly which are captured by the mass spec-
trometer inlet. All these technologies show great application po-
tential for spatially resolved proteomics and metabolomics.

The above mentioned MSI techniques have their own advan-
tages: MALDI can be used for the detection of proteins and poly-
peptide molecules, but requires a relatively complex sample
preparation process, whereas SIMS and DESI are suitable for the in
situ detection of small molecules, and DESI is especially suitable for
field detection. The MS ionization method has a great impact on the
image resolution of MSI. The most widely used MALDI and DESI
have an image spatial resolution of about 1-200 pm, far from the
resolution of general optical imaging (28—500 nm), which limits
the application of MSI technology.

4.2. MALDI

The process of MALDI-MSI includes tissue slice preparation,
matrix embedding or coating, MS analysis, and image processing.
First, matrix molecules are deposited symmetrically in tissue sec-
tions using sublimation, electrospray, difluidic atomization, or
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ultrasonic spray to promote ionization. The slices of the deposited
matrix are sent into a mass spectrometer equipped with the MALDI
ion source, and the sections are bombarded using a pulse laser of UV
light. The energy absorbed by radiation is transferred to the point of
organic matrix on the surface, molecules are ionized and subse-
quently analyzed by MS [93]. MALDI-MSI technology combines MS
and scanning technology with computerized image processing
software, providing a direct way to analyze biological groups and
weaving slices to produce a 2D or 3D ion density map of arbitrarily
specified compounds [94,95]. In MALDI imaging, the type of matrix,
the process of matrix deposition, the parameters of the laser, and
the performance of the mass spectrometer all affect the imaging
quality [96]. MALDI-MSI high spatial resolution can reach the
cellular level (<5 pm), furthermore, MALDI-MSI can detect a diverse
array of biomolecules (e.g., metabolites and lipids) [97]. At present,
commercial MALDI-MSI instruments have an analysis speed of up to
40 pixels/s, which greatly shortens the analysis time of MSI. MALDI-
MSI's main limitations are the time-consuming pretreatment and
the expensive fees required for laser maintenance. In general, the
process of MALDI-MSI includes tissue slice making, matrix
embedded or coating, MS analysis, and image processing.

4.3. SIMS

TOF-SIMS is a surface MS method in which the primary ions are
directly irradiated with an accelerated ion beam, and the secondary
ions generated are measured using a quadrupole mass spectrom-
eter with TOF analyzer [98]. SIMS are popular in materials science
to perform surface analysis of semiconductor materials and to
profile semiconductor thin films made of inorganic material [99],
but continued advancement in SIMS has expanded its application
in the field of biology. At an early stage of the development of the
SIMS method, Ga™ and In" ionization sources were widely used
[100]. The high excitation energy of these sources leads to disso-
ciation of large biological molecules. Therefore, the use of SIMS was
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Fig. 6. The diagram of mass spectrometry imaging (MSI) technique. (A) General work flow of MSI. (B) Schematic illustration of ionizing mechanism in matrix assisted laser
desorption ionization (MALDI), secondary ion mass spectroscopy (SIMS), and desorption electrospray ionization (DESI). m/z: mass-to-charge ratio; FT-ICR: Fourier transform ion
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limited to the determination of compounds with molecular weight
less than 200 Da only. More recently metal clusters ions and
polyatomic ions have been introduced to SIMS systems to make the
detection of larger molecules possible. Metal clusters ions like Au, ™
and Biy" (x = 1-7) have the advantage of maintaining sub-micron
image resolution while greatly improving the sensitivity for high
molecular weight peptides and proteins. Polyatomic ions, like SF5*
and Cgo", have the same sensitivity, but lower image resolution
than metal clusters ions [101,102]. In general, gas cluster ion beams
make TOF-SIMS imaging more practical for biological analysis. In
addition, SIMS imaging methods processes are similar to MALDI-
MSI, with the difference that the tissue slide can be used directly
for SIMS analysis avoiding additional processing. However, the
application of SIMS is still restricted by low intensity of MS/MS ions
and the extensive fragmentation of molecular ions caused by the
high energy ion beam.

4.4. DESI

Both MALDI-MSI and SIMS-MSI techniques generally require a
vacuum environment. To overcome this limitation, Cooks et al.
[103] developed DESI-MS under constant pressure. DESI sprays
the solvent over an untreated tissue slide with the molecules on
the surface, and is then dripped with more solvent to sputter the
solution onto the mass spectrometer for ionization and analysis.
This technique can be used on living samples or even in patients
being operated on, and it has been successfully applied in clinical
studies to recognize cancer and healthy tissues during cancers
surgery in real time [104].

DESI is based on the droplet carrying mechanism. The spray
solvent is first quickly atomized and accelerated by the high-speed
nitrogen flow emitted from the atomizer tube. The charged drop-
lets then hit the surface of the sample, turning the molecules
sputtered to the gas phase with nitrogen purging and drying. Then,
the charged droplets containing compounds are dissolved,
captured, and eventually detected using a mass analyzer. DESI is
similar to SIMS, except that in the former technique, compounds
are dissociated at atmospheric pressure [105].

The quality and efficacy of DESI-MSI are greatly dependent on the
solvent chosen at the spray stage. Moreover, distribution informa-
tion of different compounds on the sample surface can be obtained
by changing solvent systems. In addition, the distance and angle
between the DESI nozzle, slide surface, and mass spectrum inlet can
greatly influence the resolution and intensity of the m/z signal.

4.5. Sample preparation and data acquisition

The workflow of sample preparation of MSI is very different
from standard MS. MSI is usually performed on flash-frozen tis-
sue samples. This step is necessary to stop any cell reaction and
enzyme-mediated molecular degradation in the tissue. The
thickness of the tissue section for MSI usually ranges from 5 to
20 um. In general, MALDI-MSI is used more often in metab-
olomics than proteomics. In contrast to metabolite imaging, the
preparation process for protein MSI required additional in situ
digestion steps by trypsin or other enzymes, because the lower
molecular weight peptides are more prone to ionization than
proteins and thus easier to detect via MS. A recent protocol for
sample preparation has been optimized for trypsin concentration,
digestion period, and matrix deposition to minimize ion inhibi-
tion and remove paraffin from the tissue [106]. After this step,
those fresh sections are ready for DESI or SIMS analysis, while for
MALDI-MSI, further coating samples with matrix is required for
MALDI ionization. Frequently used MALDI matrixes to assist
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desorption and ionization include 2,6-dihydroxyacetophenone,
2,5-dihydroxybenzoic acid, 1,5-diaminonaphthalene, «-cyano-4-
hydroxycinnamic acid, and sinapinic acid [107—111].

After optimization of the ion source parameters, tissue im-
aging is conducted on commercially available stages, such as the
2D automated Omni Spray source from Prosolia Inc. (Indian-
apolis, IN USA). Raw data, including stage time, position data,
and spectra at each point, can be processed using software ap-
plications from the manufacturer or websites, such as BioMAP
(www.maldi-msi.org).

4.6. MSI analysis of drug distribution

A major hurdle in CNS disease treatment is the delivery of
therapeutic drugs to the target across the blood-brain barrier
(BBB). Similarly, the efficacy of cancer chemotherapy drugs is
limited by the blood-tumor barrier (BTB). Several groups have
used MSI techniques to assess the target penetration of clinical
drugs. For example, Tanaka et al. [109,112] used MALDI-MSI to
quantify the spatial distribution of epertinib and lapatinib in brain
and confirmed that when epertinib and lapatinib had the same
concentrations at brain tumor position, plasma concentrations
were significantly different at 4 h after oral administration.
Another study using MALDI-MSI to determine the localization
patterns of efavirenz, tenofovir, and emtricitabine in rat brain
revealed that efavirenz concentration was high across the entire
brain, whereas tenofovir was localized primarily in the cortex,
and emtricitabine was distributed heterogeneously in the thal-
amus, corpus callosum, and hypothalamus [89]. These findings
illustrate the advantages of MSI for monitoring drug delivery,
providing not only the overall assessment of BBB or BTB perme-
ability of drugs but also the distribution pattern within tissue.
Further investigations may help guide the design of tissue-
targeted drugs and explain the pharmacological and toxicolog-
ical actions of some drugs.

5. MSI in CNS disorders

Before MSI technology was well established, brain tissues had to
be anatomically separated for analysis of spatial heterogeneity. Due
to difficulties in achieving anatomical precision, most of the
research focused on whole brain tissue, whole hippocampal, cortex
tissues, where monoamines, such as dopamine, noradrenaline, and
serotonin, do not share the same alteration pattern. In addition, the
results on neurotransmitters were not consistent across several
studies using the same animal model and considering the same
disease phase [113]. In contrast, MSI technology can directly reveal
the spatial distributions of proteins, metabolites, lipids, and other
molecules in brain tissues, thereby providing a more comprehen-
sive explanation of the molecular mechanisms underlying neuro-
degenerative diseases.

5.1. MSI in neurodegenerative diseases

The detection of small molecule neurotransmitters and map-
ping of their spatial distributions are critical to the diagnosis and
treatment of neurodegenerative diseases. How to accurately
detect these molecules in situ and in brain sections is currently a
significant topic in brain research. Shariatgorji et al. [114,115]
developed a in situ derivatization approach based on MALDI-FT-
ICR and MALDI-MSI for the simultaneous imaging and the abso-
lute or relative quantification of multiple neurotransmitters such
as dopamine, y-amino butyric acid (GABA), glutamate and
acetylcholine, neurotransmitter precursors such as B-N-
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methylamino-L-alanine, and metabolites such as tyrosine, trypt-
amine, tyramine, and phenethylamine.

Protein aggregation is a pathological characteristic of many
neurodegenerative diseases, and MSI can reveal the biogenesis of
this process. Rohner et al. [116] performed MALDI-MSI analysis on
brain tissue in AD model mice and identified five f-amyloid pep-
tides and their spatial distributions. Results revealed that AB1—40
polypeptides were more abundant than other B-amyloid poly-
peptides, and are mainly distributed in the parietal bone, occipital
cortex protrusion, and the lower part of the lateral sulcus. Kakuda
et al. [117] similarly applied MALDI-MSI to study the distribution of
different types of amyloid peptides the postmortem brains of in
elderly adults suffering with AD and brain amyloid angiopathy.
These MSI results showed that AB1—42 and Af1—43 peptides were
deposited mainly in senile plaques in the brain, while AB1-36,
AB1-37, Ap1-38, AB1—39, AB1—40, and AB1—41 peptides were
accumulated in the meninges, suggesting that AB polypeptides
differentially contribute to AD pathogenesis, an idea that warrants
further investigation.

In addition to AB, MALDI-MSI has also revealed the spatial dis-
tribution profile of AD relevant lipids. Kaya et al. [118] revealed that
ceramide Cer (18:0), phosphatidylinositol PI (38:4), glucosinolate
ST (24:0), lysophosphatidylcholine LPC (16:0), and LPC (18:0) were
colocalized with B-amyloid polypeptide AB1-37, AB1—38, and
AB1—40. Moreover, while ceramides were found to accumulate in
B-amyloid plaques, ganglioside and sulfatide concentrations were
lower in plaque regions. These results suggest that sphingolipid
metabolism is involved in AB pathology or reparative mechanisms
[119]. Hulme et al. [120] developed a method for high resolution
neuropeptide imaging using a dry matrix that successfully revealed
the detailed distribution patterns of Parkinson’s disease (PD) mol-
ecules, such as enkephalin, acrophin, tachykinin, and neuro-
hypotensin, across the whole brain of rats treated with 6-
hydroxydopamine, highlighting the potential applications of the
method in PD base research.

5.2. MSI in stroke

During cerebral ischemia, the supply of oxygen and glucose to
the brain is restricted, and the concentrations of various metab-
olites involved in tricarboxylic acid cycle and mitochondrial ac-
tivity change significantly. Liu et al. [121] employed MALDI-MSI to
reveal the spatial specific distribution of molecules such as metal
ions, amino acids, carboxylic acids, nucleotide derivatives, pep-
tides, and lipids in rat brain subjected to an experimental
ischemic stroke model. The amount of direct energy supply
molecules (such as adenosine triphosphate, adenosine diphos-
phate, and adenosine monophosphate) was significantly reduced,
while other metabolites (such as adenosine, creatinine, hypo-
xanthine, and creatine) were also decreased. Moreover, MALDI-
MSI techniques have been employed in combination with liquid
chromatography-tandem mass spectroscopy to analyze ischemia
reperfusion induced alteration in the abundance of nucleic acids,
such as uridine triphosphate, uridine monophosphate, uridine
diphosphate, adenosine triphosphate, adenosine monophosphate,
and adenosine diphosphate [122]. In addition, MALDI-MSI has
been used to detect the impact of ischemia on the distribution and
concentrations of lipids, including sulfatide (d18:1-C24h:0),
phosphatidylcholines (PCs), and LysoPCs, in rat brain slices
[87,88]. However, due to the limited resolution, instability of the
matrix, lack of replicability, and insufficient molecular coverage,
the spatial information of these lipid metabolites cannot fully
explain cerebral ischemia mechanisms. However, with the
development of technology and the integration of various
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disciplines, the pathogenesis of cerebral ischemia is yet to be
gradually revealed.

5.3. MSI in CNS tumors

Surgery is a critical step in the treatment of brain tumors.
Successful surgery requires complete removal of brain tumors to
avoid recurrence, while causing minimal damage to normal brain
tissues as much as possible. At present, it is difficult for conven-
tional auxiliary imaging methods, such as magnetic resonance
imaging (MRI), to distinguish tumor tissues from normal tissues
in brain surgery. Tumor infiltration may exceed what can be seen
on MRI images. These limitations lead to difficulties in safely
removing tumors. Pathological staining methods are limited to
samples with recognizable nucleic acid mutations, and it is hard
to get metabolite-level or protein-level information. Human brain
tissues are particularly rich in phospholipids, and these macro-
molecules are present in different concentrations in normal and
tumor cells [123]. Fortunately, imaging of phospholipids in tissues
using MSI technique to distinguish between normal and tumor
tissues is now possible. As DESI-MSI works at constant pressure,
which makes it a good choice for surgery applications. In 2013,
Ebrlin et al. [124] successfully differentiated lipids between 15
gliomas and 8 meningioma samples using DESI-MSI combined
with support vector machines and deep learning methods. In the
meningioma samples, the main mass spectrum peaks were
phosphatidylethanolamine, phosphatidylserine, and phosphati-
dylinositol, while thiosides were more abundance in gliomas.
With 3D colocalization by DESI-MSI and MRI imaging, this
method makes it possible to identify tumor boundaries and to
classify similar tumors. Cooks and co-workers [125,126] devel-
oped a MasSpec Pen that provides localized molecular informa-
tion from tissue samples based on the DESI technique. They
modified the commercial DESI-MSI instrument so that it could be
placed on the top of a cart as a separate system and it could be
easily moved in the operating room. The surgeon removes the
small biopsy, smears it on the glass, and analyzes it with the
MasSpec Pen. After a few mins, MasSpec Pen tells the surgeon
whether there are tumor cells in the tissue sample and estimates
the penetration percentage of the tumor.

Several other key small molecules can also serve as specific
biomarkers for tumors. Isocitrate dehydrogenase (IDH) mutations
often occur in low grade gliomas and secondary glioblastomas
[127], which enhance the conversion of citrate to 2-hydroxyglutaric
acid (2-HG) [128]. The accumulation of 2-HG affects DNA methyl-
ation, prolyl hydrolase activity, cell growth regulation, and differ-
entiation. While 2-HG is present in minimal concentration in
normal cells, but it accumulates substantially in IDH1 and IDH2
mutant gliomas, thus 2-HG may represent a biomarker for IDH-
mutant gliomas. Santagata et al. [129] used DESI-MSI to detect 2-
HG in IDH1 mutation in glioma samples, and they found that the
signal of 2-HG was positively correlated with tumor cell density. In
a real-time surgical case, they imaged a glioma smear using DESI,
combined with the stereogram of MRI. The co-location image
clearly reveals the concentration of cancer cells present in the
central and marginal areas of the tumor.

5.4. MSI in depression

Depression is one of the most prevalent and debilitating psy-
chiatric disorders. Esteve et al. [130] applied MALDI-MSI to directly
measure the altered amino neurotransmitters following experi-
mentally induced cortical spreading depression (CSD) in mouse
brain, and found a distinct expression pattern of inhibitory (GABA)
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and excitatory (glutamate and aspartate) neurotransmitters in the
mice cortex subjected to an experimental CSD model. Employing
MALDI-MSI, Kleinridders et al. [131] revealed the region specific
activity of glucose metabolism across the brain, which may shed
light on depression pathology since it has been reported that
fluctuating blood sugar levels in diabetes can predict brain dys-
functions, including depression [132,133].

6. Mass cytometry for targeted spatially resolved proteomics

In 2009, Tanner and co-workers from University of Toronto
proposed the concept of mass cytometry first [134], and single cell
mass cytometry by time-of-flight (CyTOF) has developed rapidly
since this first report. Unlike traditional flow cytometry, mass
cytometry using metal isotopes to label antibodies instead of
fluorophore to overcome the overlapping between flow channels.
In addition, mass cytometry uses inductively coupled plasma MS
(ICP-MS) rather than lasers and photomultiplier tubes as detec-
tion, which greatly expands the number of detection channels.
Based on these benefits, mass cytometry is a suitable tool in large
scale immune monitoring, immunophenotyping, and classifica-
tion of cell subpopulations. In CyTOF analysis, one area of interest
in sample is collected and process into single cell suspension
followed by incubation with metal-labeled antibody. Then, the
labeled cell form droplets by going through a nebulizer and ac-
quired by ICP-MS. Bottcher et al. [135] applied comprehensive
single cell immune profiling of human microglia from different
brain regions with mass cytometry. They drew the phenotypic
characterization and confirmed the key transcriptomic signature
of human microglia. Of note, in the subventricular zone and
thalamus, a higher expression of markers involved in microglial
activation.

These initial studies applied CyTOF to single cell suspensions
without spatial information, while recent technologies known as
multiplexed ion beam imaging (MIBI) and imaging mass cytom-
etry (IMC) can characterize the spatial distribution of different
cellular processes. In IMC strategy, metal labeled antibody is
directly bound to targeted proteins in situ. With the help of laser
gun, metals within the region of interest are released and sub-
sequently detected by ICP-MS. Wang et al. [136] performed
scRNA-seq combined with IMC on primary meningioma tumor
samples to validate protein expression and reveal the spatial
localization of protein markers. IMC can provide up to 50 anti-
bodies (www.standardbio.com) conjugated to heavy metal iso-
topes related by autoimmune disease, whereby some researchers
apply it at multiple sclerosis research. For instance, Park et al.
[137] quantified 13 glial activation markers simultaneously in
early and late acute multiple sclerosis brain lesions. Ramaglia et al.
[138] characterized B cell and T cell subsets within the multiple
sclerosis brain. Another promising variant of IMC is MIBI, which
employs a similar process for sample preparation but uses SIMS
coupled with TOF detector to achieve spatial distribution of
highlight proteins. After the protein at slide sample stained with
mantel-labeled antibodies, the complexes are sputtered by high
energy ion beam and then detected by TOF spectrometer. By
employing SIMS, Moon et al. [139] identified two AD-relevant
clusters of proteins and located their positions.

7. Computational approaches for spatial-omics

While the volume and complexity of omics data is a major
strength for studying the molecular mechanisms of disease, it
also presents challenges for data presentation and interpretation.
Here we provide an overview of the spatial omics data analysis
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toolkits in Table S2 [28,140—169] including the running envi-
ronments, algorithms, and analytic methods for categorizing in-
formation. For transcriptomics analysis, there are several image
segmentation algorithms based on deep learning models to
construct spatial graphs, such as Stardist [170], Splinedist [171]
and Cellpose [172]. With the spatial coordinates established in
tissue atlas, the downstream toolkits provided a bunch of func-
tion such as differential gene expression between samples, cell
types recognition, the spatial distribution of each cell type, and
cell communication states based on ST datasets and H&E images,
such as probabilistic cell typing by in situ sequencing (pciSeq)
[149] and Seurat [148]. However, those toolkits could not inter-
pret the ST data in single cell resolution. Several novel methods
such as spatialDE [151], SPOTlight [145], spatial quantification of
molecular data in python (Squidpy) [155], Giotto [157], and
Cell2location [154] can carry out spatial sub clustering analysis of
cell types and map scRNA-seq data with spatial data. However,
they still fail to infer single cell data or bulk-seq data in situ
directly. To fill this important gap, Liao et al. [147] set spatial
transcriptomics as references and then map the bulk tran-
scriptomes to the original section spatially with a single cell
resolution with deep learning frameworks. Still, typical single cell
transcriptomics does not include spatial coordinates let alone 3D
spatial information. Zeira et al. [146] introduced probabilistic
alignment of ST experiments (PASTE) using fused gromov-
wasserstein optimal transport to align and integrate pairwise
alignment of adjacent slices. PASTE visualize single cell RNA-seq
data and ST data three dimensionally without additional histo-
logical images. It also provides a more representative ST slide by
combining multiple slices into a “center”, which increases the
representativeness relative to the independent analysis of indi-
vidual slices [146]. Similar to PASTE, probabilistic embedding,
clustering, and alignment for integrating spatial transcriptomics
data (PRECAST) takes normalized gene expression matrices from
multiple tissue slides as an input, then decomposes inputs into
potential factors that present cell/domain types when performs
spatial dimensionality reduction and spatial clustering, and
eventually aligns scRNA-seq datasets by cell/domain types and
spatial coordinates on multiple tissue slides [167].

A major problem in metabolomics and proteomics research
is that raw data from different mass spectrometer brands are
outputted in different formats. However, there are open source
analysis software applications or pipelines available to address
this issue (free software were listed on Table S2). Mainstream MSI
manufacturers such as Bruker (SCiLS™ Lab) and Shimadzu
(MALDI Solutions™) have launched their own commercial anal-
ysis software. The high price of commercial software for prote-
omics, such as PEAKS Studio (Bioinformatics Solutions Inc.),
Progenesis QI (Waters Inc.), ProteinPilot (Sciex Inc.), and Proteome
Discoverer (Thermo Fisher Scientific Inc.) prevents them from
being widely practical.

The pipeline or software that can align full multi-omics datasets
spatially has not been seen yet, while many computational methods
are now available to integrate of the genome (methylome, chro-
matin accessibility), transcriptome, and proteome in single-cell
resolution. Here, we classify the computational methods for
multi-omics analysis into three types chronologically: 1) applied
single omics analysis separately and manually annotate multi-
omics data together; 2) computational integration of two omics
data or more based on a different algorithm with or without spatial
information; and 3) conjoint analysis of spatial transcriptome and
proteome with DNA barcoded antibodies strategy in the same or
neighbor section. We review those three types of multi-omics
analysis with several cases in CNS.


http://www.standardbio.com

Y. Fangma, M. Liu, J. Liao et al.
7.1. Manual integrate single omics data together

Most of multi-omics study was applied single omics analysis
separately. Grant et al. [173] integrated genomics with metab-
olomics to evaluate age at depressive onset on human plasma, with
characterizing novel markers of major depressive disorder. Multi-
omics integration network exposes four variants (in/near INTU,
FAT1, CNTN6, and TM9SF2) and plasma metabolites (phosphati-
dylcholines, carnitines, biogenic amines, and amino acids) as bio-
signatures of early- and adult-onset major depressive disorder.
Nativio et al. [26] integrated transcriptomic, proteomic, and epi-
genomic analyses of postmortem AD human brains to identify
H3K27ac and H3K9ac genes affect late-onset AD pathways by
dysregulating transcription-and chromatin-gene feedback. The
histone acetyltransferases for H3K27ac and H3K9ac gene and
protein showed an upregulation in both transcriptomic and pro-
teomic analysis. Zhang et al. [27] analyzed proteomes and genomes
of colon tumors and perform integrated proteogenomic analyses.
They found that although copy number of mRNA abundance
showed significant alterations, and the expression of related pro-
teins is not necessarily altered. Their results call the attention to us
that protein abundance may not be reliably reflected from mRNA-
level at sometimes. This is the reason why we need to under-
stand the information flow from DNA to protein to metabolite
spatially and temporally when we decode physiopathological pro-
cess in CNS.

7.2. Computational integrate single omics data together

The measurement of multiple data types (genome, tran-
scriptome, proteome, metabolome, and modification omics) in the
single cells has been developed. The computational integration of
different data types is of great significance when synergistic infer
the cell regulation network. Mainly, there are several algorithms
were hired for integrative analysis of such data. For example,
machine learning (single-cell aggregation and integration (scAl)
[164], single-molecule fluorescence in situ hybridization with
hidden Markov random field model (smfishhmrf) [156], and Giotto
[157]), clustering model (spatial transcriptomics learn (stLearn)
[153], Giotto [157], CiteFuse [162], and model-based analyses of
single-cell transcriptome and regulome (MAESTRO) [161]),
Bayesian model (bayesian random effects mixture model-single
cell (BREM-SC) [166], multi-omics factor analysis (MOFA) and
MOFA™ [165], and totalVI [163]), mutual nearest neighbors
(spatially-resolved transcriptomics via epitope anchoring (STVEA)
[159]), integrative non-negative matrix factorization (linked
inference of genomic experimental relationships (LIGER) [169]),
and generalized unsupervised manifold alignment (UnionCom)
[168]. The integration of single omics data was able to find more
differences that single-omics studies cannot provide. Cao et al.
[168] applied scRNA-seq and scDNA-seq in breast cancer cells and
found the discover clone-specific dysregulated biological pathways
which cannot be outlined by either single omics data.

7.3. Conjoint analysis strategy based on DNA-barcoded antibodies

Although the computational integration of multi-omics builds
the link between two or three omics data in single cells, the
integration spatial-omics still in challenge. As we described
before, DBiT-seq enabled high spatial resolution barcoding of
mRNAs or proteins in mouse embryo [37]. Similar to DBiT-seq,
spatial multi-omics (SM-Omics) combined spatial RNA-Seq with
DNA-barcoded antibodies, antibody-based protein measure-
ments, and immunofluorescence staining together. Different from
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DBiT-seq, SM-Omics induces liquid handler to achieve automatic
and high throughput spatial RNA and protein measurements at
the same time [174]. In another study using a similar paradigm,
Govek et al. [159] developed a platform called STVEA based on the
developed multiplex immunohistochemistry and cellular index-
ing of transcriptomes and epitopes by sequencing (CITE-seq)
dataset with a shared antibody panel, which aims to mapping
single-cell RNA-seq data and protein to the same images. Among
these platforms, the DSP platform is commercially available and
now widely used for multiomics of tumor microenvironment
[36,175,176]. Unlike to DBiT-seq, SM-Omics and STVEA, DSP plat-
form offers a custom RNA or protein plex with chosen target in
situ and also apply for formalin-fixed and paraffin-embedded
samples. Although high-throughput spatial omics have greatly
improved our understanding of CNS diseases, acquiring the SM-
Omics profile simultaneously in the same tissue or same section is
still in the initial development stage. In general, SM-Omics
research needs to be supported by more high spatial resolution
instruments and more robust algorithms.

8. Future perspective of spatially resolved multi-omics

8.1. Joint application of spatially resolved multi-omics technologies
in brain

We can find that the samples for different omics are usually
derived from spatially adjacent tissue rather than the same piece of
tissue. For example, after spatial transcriptomics analysis by ST, an
adjacent region (<0.06 mm?>) on the identical brain slice can be
isolated by LCM and goes through proteomics analysis by high-
sensitivity MS [177]. Similarly, three consecutive slices can be
analyzed by spatially resolved transcriptomics (Visium), metab-
olomics (MALDI-MSI), and proteomics (IMC), respectively [178].
Although these pioneer studies provide alternative approaches to
multidimensionally assess the spatial heterogeneity of gene
expression, the result inconsistency between proteins and nucleic
acids, caused by the tiny spatial displacements, cannot be under-
estimated especially for brain. In general, non-target-based spatial
multi-omics interaction analysis methods have not been reported
yet. Before that, it is more urgent to define the tolerable error of
spatial displacements when using adjacent tissue for multi-omics
analysis.

8.2. Profile gene expression in neuronal projections in a whole-
brain view

The nervous system is composed of different neural networks,
each with its own connection mode, and axons can interact with
thousands of cells in their neighborhood [179]. Numerous neuro-
transmitters (such as histamine and serotonin) can be released
along the axons rather than only in terminus [180,181]. A detailed
gene expression pattern along these neuronal projections may
advance our knowledge of brain functions and illuminate the reg-
ulatory mechanisms underlying neurotransmission. BARseq has the
ability to sequence and analyze the upstream brain region and
some well-known downstream regions. However, so far, it cannot
achieve gene profiling of neuronal projections in a whole-brain
view. Fluorescence micro-optical sectioning tomography (fMOST)
has been widely used in neuroscience to three-dimensionally
visualize neuronal projections of the whole brain [182,183]. So far,
single-cell RNA-seq has been employed parallelly with fMOST to
confirm the cell clustering in a given region [184]. The combination
of fMOST or similar technology with ISS may be worth expecting for
this purpose.
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8.3. Application of the spatial multi-omics in living cells and
organoids

Neuronal activity is highly dynamic and the molecular basis of
brain functions like consciousness and cognition is barely known.
Cutting-edge technologies have achieved the single-cell resolved
imaging of intracellular calcium spark and thus tracking the ac-
tivities of hundreds of neurons simultaneously in awake, behaving
animals [185,186]. So, is it possible to track “the spark of thought”
in the transcriptomic or proteomic level? Unfortunately, there is
currently no spatial-omics technology that can be used for live
cells ex vivo or in vivo. Many researchers have performed spatial
omics analysis through human organotypic slices [177,178], but
these molecular profiles only represent a single snapshot within
the tissue and cannot track the transcription activity of a living cell
in a time-lapse. How to achieve living omics research is still an
unanswered question. In 2017, Pei et al. [187] developed a new
approach (Polylox) to generate 1.8 million endogenous DNA
barcodes in vivo allowing single-cell labeling in a non-invasive
way. These results have laid a solid foundation for future multi-
omics assay in living cells.

It must also be noted that clinical samples are valuable and
difficult to obtain. Human organoids provide an alternative choice
for clinical research. Organoids are small-scale constructs derived
from patients’ stem cells or biopsies that recapitulate key molecular
and structural characteristics of their tissue of origin [188]. In 2005
and 2007, Watanabe et al. [189,190] taken the lead in developing a
3D culture of different brain regions from mouse or human
pluripotent stem cells to restructure brain organoids. After that,
Bakker et al. [191] developed a BBB organoid platform for drug
analysis by fluorescent microscopy and MALDI-MSI. Spruill et al.
[192] first examined small molecules by MALDI-TOF from 16-day-
old and 36-day-old brain organoids which were populated solely
with neuroprogenitors. Recently, Bakker et al. [191] described an
MSI protocol specifically focusing on the collecting and embedding
of the organoids, and give recommendations for MSI-specific
sample preparation, data acquisition, and molecular identification
by tandem MS. Therefore, MSI study at brain organoids provides an
opportunity to picture the metabolites/proteins-altas dynamically
during the CNS development, especially when human brain sam-
ples are hard to obtain in anytime stage [188—192].

8.4. Joint application of MSI and other imaging technique

The application of MSI has been greatly limited by its unsat-
isfying spatial resolution. The integrative application of MSI and
other imaging techniques may be a way out. Laser scanning
confocal microscopes can provide quantitative and real-time
observation of the subcellular structure in living cells. With the
help of confocal microscopes, label-free MSI strategy offers
numerous candidate targets at cellular and subcellular level for
research fields such as cell biology and drug discovery. Passarelli
et al. [193] developed a 3D OrbiSIMS method to construct 3D dis-
tribution of metabolites at subcellular resolution. Proetto et al.
[194] established a least squares conformal maps (LSCM) and
nanoscale SIMS (NanoSIMS) combined imaging analysis platform,
which reveals in situ the intracellular drug release process of oxa-
liplatin with self-assembled polymer nanomaterials. Orphan et al.
[195] employed FISH approach to label and locate specific bacterial
polymerizers in cells, and at the same time they have combined
NanoSIMS in situ imaging to quantify the different uptaking effi-
ciency of 2C-labeled carbon sources, *C-labeled carbon sources,
and °N-labeled nitrogen sources among several bacteria. The
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results of these studies demonstrate the great potential of FISH-MSI
and LSCM-MSI for the study of cell biology, drug discovery and of
the complex responses of drugs and organs from on-target and off-
target engagement.

8.5. Further functional verification and clinical translation

Although lots of studies have introduced spatially resolved
multi-omics technologies to uncover novel drug targets for CNS
disorders, few targets are further verified by functional assays.
Since these technologies emphasize the spatial heterogeneity of the
brain, the combination of other spatiotemporally specific technol-
ogies, (such as Cre-Loxp recombination and optogenetics/chemo-
genetics) is necessary to promise an unbiased assessment. In
addition, those molecules with spatially specific distribution may
not only serve as drug targets but also target drugs to the selected
area. By combining materials science, spatially resolved multi-
omics data may illuminate precise treatment for CNS disorders by
targeting drugs to certain molecule-enriched cell subpopulation or
brain region.

9. Conclusion

Spatial multi-omics offers a novel perspective to reveal the
functional heterogeneity of the brain. It is expected to build the
spatial atlas of the brain, decipher the CNS disorders, and decipher
neuronal communication through the combination of spatial multi-
omics technologies. Here we review the main approaches and
computational algorithms of spatial transcriptomics, proteomics,
and metabolomics. Moreover, the integration method developed in
recent years between omics datasets has been summarized above.
Spatial multi-omics have shown its power in deciphering both
physical and pathological events in the brain. However, there are
still many problems that need to be addressed. In addition to the
above-mentioned challenges, almost all spatially resolved multi-
omics technologies are expensive and time-consuming. There is
still a long way to go to popularize these technologies. Despite the
limitations, spatially resolved multi-omics technologies have un-
doubtedly widened our understanding of the brain's spatial het-
erogeneity. In the future, spatially resolved multi-omics will
promote neuroscience research and shed light on the therapeutic
strategies for CNS disorders.
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