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Spatial transcriptome technology acquires gene expression profiles while retaining spatial location information, it displays the gene expression properties of cells in situ. Through the investigation of cell heterogeneity, microenvironment, function, and cellular interactions, spatial transcriptome technology can deeply explore the pathogenic mechanisms of cell-type-specific responses and spatial localization in neurological diseases. The present article overviews spatial transcriptome technologies based on microdissection, in situ hybridization, in situ sequencing, in situ capture, and live cell labeling. Each technology is described along with its methods, detection throughput, spatial resolution, benefits, and drawbacks. Furthermore, their applications in neurodegenerative disease, neuropsychiatric illness, stroke and epilepsy are outlined. This information can be used to understand disease mechanisms, pick therapeutic targets, and establish biomarkers.
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INTRODUCTION
The human body is a highly complex and delicate system composed of up to trillions of cells. These cells differentiate in a certain microenvironment and develop into organs with unique structures and functions during a set period of time (Liao et al., 2021). When this process is hampered, the organism’s normal physiological functions may be jeopardized. Consequently, cellular heterogeneity and the intricate interactions between cells and the microenvironment contribute to the comprehensive understanding of disease mechanisms at the single-cell level and in the context of tissues. It emphasizes the importance of spatial multi-omics, which explores cellular phenotypes in situ and unbiased, amplifying the molecular and spatial structure of tissues and cells, integrating various molecules (DNA, RNA, proteins) and information with four-dimensional resolution (spatial and temporal), provides a detailed cellular atlas from single cells to entire organisms (Lewis et al., 2021). “Spatial transcriptomics (ST)” refers to an omics technique for extracting transcriptome information from cells or tissues that retains spatial information. The application of spatial multi-omics makes it possible for charting cellular heterogeneity, complex tissue structures, and dynamic changes during development and diseases.
It is well-known that RNA levels and protein levels do not always match up. Protein levels are a stronger indicator of cellular activity, particularly in the extracellular matrix and in some cellular states serve as a better proxy for (Moffitt et al., 2022). However, the protein abundance, multiplexing, and throughput limitations of the current imaging and mass spectrometry-based spatial proteomics technologies prevent their widespread use in research diseases. By contrast, high-resolution spatial transcriptomic technologies have been devised to measure hundreds to thousands of mRNAs in situ, and these measurements act as faulty substitutes for multiplexing and protein abundance (Paul et al., 2021). Spatial transcriptome technology annotates and maps the spatial distribution of genes while analyzing their expression profiles to precisely characterize and understand their molecular features (Asp et al., 2020). Spatial transcriptome technology provides insight into the exploration of gene expression variations and patterns at the single-cell level or even at the subcellular level, which is a powerful tool to reveal the molecular mechanisms of diseases.
In this review, we summarize the principles, resolution, detection throughput, advantages and limitations of numerous spatial transcriptomics techniques that are now on the market, as well as their enormous potential for application in the study of CNS diseases. We also discuss the field’s current difficulties and prospective future developments. This is a useful reference for the application of spatial transcriptomics technology.
CLASSIFICATION OF SPACE TRANSCRIPTOME TECHNIQUES
Spatial transcriptome technology based on microdissection
Laser capture microdissection coupled with RNA sequencing (LCM-seq): LCM is a powerful tool for visualizing and separating morphologically distinct cell subpopulations from heterogeneous tissue specimens (Aguilar-Bravo and Sancho-Bru, 2019; Griesser et al., 2020; Rao et al., 2022). LCM finds regions of cell of interest in tissue sections by microscopy and then excises them with a laser beam to precisely target and isolate individual cells or cell populations for subsequent RNA amplification and transcriptome analysis (Almeida and Turecki, 2022; Bhamidipati et al., 2022). LCM-seq couples LCM with Smart-seq2 RNA sequencing technology to study the expression profile of particular cell (Nichterwitz et al., 2016), directly lyses isolated cells while preserving cell location information. It is suitable for live cells, fresh frozen tissues and formalin-fixed embedded tissues, reproducible and sensitive (Civita et al., 2019; Chang et al., 2021), but the resolution and detection throughput are low.
Geographical position sequencing (GEO-seq): GEO-seq follows LCM-seq based on LCM and single-cell RNA sequencing (scRNA-seq), a technique optimized for tissue collection, cell lysis, RNA isolation and single-cell-based PCR amplification (Chen et al., 2017). These optimized steps maintain the RNA quality of the samples. Also, a specialized bioinformatics pipeline has been developed to analyze GEO-seq data and build a three-dimensional map of the transcriptome. It is able to identify zip-code genes to map cell populations or individual cells to specific locations in the tissue (Stark et al., 2019; Xue et al., 2019). This technique permits the analysis of the transcriptome of only a few cells but is additionally suitable for studying the gene expression profile of rare cells (Yuan et al., 2021). Be that as it may, GEO-seq cannot reach the resolution of a single cell, and it is time-consuming and laborious to construct high-resolution transcriptome profiles based on positional capture of cell samples.
Tomography sequencing (Tomo-seq): Tomo-Seq, a spatially resolved transcriptomic method that combines classical histological sectioning of embryos or tissues with a highly sensitive RNA-sequencing technique (Holler and Junker, 2019). Briefly, the sample is sectioned into thin slices and RNA is extracted from individual slices. Then the CEL-seq2, a scRNA-seq method (Hashimshony et al., 2016), is modified to produce a sequencing library with slice-specific DNA barcodes. That means the cDNA is firstly synthesized by reverse transcription using barcode primers, followed by in vitro transcription to linearly amplify the cDNA and prepare a sequencing library. Finally, Illumina sequencing is performed to obtain whole genome expression data with spatial information (Lacraz et al., 2017). Tomo-Seq can be used for whole organisms as well as isolated organs or tissues (Kruse et al., 2016; Naraine et al., 2022), and its detection throughput is large enough to reconstruct the spatial gene expression of thousands of genes. It is an unbiased and systematic way to describe the development of animals, appropriate for developmental biology studies (Boogerd et al., 2022; Iegorova et al., 2022). However, it has the limitation of not providing the spatial resolution of microscopy-based techniques.
Topographic single cell sequencing (TSCS): TSCS is a technology that combines LCM, laser-catapulting, whole-genome-amplification (WGA) and single cell DNA sequencing to measure genomic copy number profiles of single tumor cells while preserving their spatial information (Casasent et al., 2018). To begin with, the sample were sectioned by cryomicrotome, at that point stained with H&E and whole tissue imaging to identify tumor in situ and invasive regions. Cells were isolated by a 1-micron laser and transferred to collection tubes by laser-catapulting. After that, WGA and next-generation sequencing (NGS) were performed, the data was demultiplexed by cell library barcode and prepared to calculate genomic duplicate number profiles. At last, single-cell genomic information is mapped to spatial coordinates, not only for the genomic copy number profiles of individual tumor cells, but to depict the topographic organization of different clonal genotypes in the tissue sections (Wan et al., 2003; Ren et al., 2018; Lahnemann et al., 2020). Figure 1.
[image: Figure 1]FIGURE 1 | The overview and principle of spatial transcriptome technologies based on microdissection.
Spatial transcriptome technology based on in situ hybridization
Single-molecule fluorescence in situ hybridization (smFISH): Individual mRNA molecules in a fixed cell or tissue are imaged by hybridization with a few particularly labeled short DNA oligonucleotide probes which are complementary to the sequence of the target mRNA, and each probe are coupled to some fluorescent dyes. Imaging is then performed by recognizing the fluorescent signal displayed by the probes (Imbert et al., 2022; Piskadlo et al., 2022). This method is called smFISH that enables subcellular localization and quantification of mRNA molecules in individual cells (Kocks et al., 2018). In addition, multi-color, single-molecule fluorescence in situ hybridization permits simultaneous examination of several different transcripts, but it is troublesome to recognize a large number of colors by optical microscopy (Wang, 2019). Based on probe design, smFISH is classified as: short probes labeled with multiple fluorophores, short probes labeled with single fluorophores, short probes with modified backbones and signal amplification of single molecule probes (Kwon, 2013). smFISH is a powerful single-cell transcriptional profiling method for any organism, cell culture and tissue sectioning (Haimovich and Gerst, 2018). It is specific and sensitive enough to quantify numerous RNAs at the single-molecule level and to obtain spatial information about the localization of RNA in the cell without signal amplification steps. It is presently available to measure 10–30 different RNA species in a single cell simultaneously by color-based barcoding or sequential hybridization utilizing combinatorial markers (Biancalani et al., 2021).
Sequential fluorescence in situ hybridization (seqFISH): seqFISH is a temporal barcoding method that uses a limited number of fluorophores scaled exponentially with time to address the issue of fluorophore limitation on smFISH. Specifically, sequential rounds of hybridization, imaging, and probe stripping are performed on mRNA in fixed cells (Lubeck et al., 2014). Each round of hybridization uses the same FISH probe labeled with a single fluorophore, and the next round replaces the FISH probe with another color. Multiple rounds of hybridization give the mRNA a distinct temporal barcode, which is then decoded by aligning the images of the barcode hybridization under super-resolution microscopy (Shah et al., 2016; Lohoff et al., 2022). The number of barcodes available scales as FN, where F is the number of fluorophores and N is the number of rounds of hybridization. Theoretically, 8 rounds of hybridization using 4 dyes can cover the entire transcriptome (Shah et al., 2017; Kim et al., 2019). As the number of hybridizations increases, the signal loss due to mis-hybridization also remarkably increases (Shah et al., 2016).
Multiplexed error-robustness fluorescence in situ hybridization (MERFISH): The imaging method MERFISH can assess the spatial localization and copy number of thousands of mRNAs in a single cell utilizing combinatorial labeling and error-resistant barcodes (Chen et al., 2015; Zhang et al., 2021). During imaging, the presence or absence of color at each site is indicated by “1”or “0”using a N-bit binary coding combination marker. After N rounds of hybridization, 2N-1 mRNA species can be identified. However, as the number of detected sites increases, the frequency of misreading “1”as “0”or “0”as “1”increases. The misidentification of mRNA occurs as a result of an increase in the frequency of measurement errors (Fang et al., 2022). As a result, MERFISH employs an error-correcting or error-robust coding scheme that establishes a minimum Hamming distance (the Hamming distance is the number of misidentified sites in a binary barcode). This ensures that barcodes are only misidentified when multiple errors occur simultaneously, thereby decreasing the rate of misidentification (Moffitt and Zhuang, 2016; Xia et al., 2019). Without amplification bias, MERFISH is able to simultaneously image and identify hundreds to thousands of distinct mRNA species within the primary spatial context of individual cells. This enables high-throughput differential gene expression and covariance analysis (Lu et al., 2021; Liu et al., 2023).
Sequential fluorescence in situ hybridization + (seqFISH+): seqFISH+ was further developed, which uses sequential hybridizations and standard confocal microscope imaging to achieve super-resolution imaging and multiplexing of 10,000 genes in single cells (Eng et al., 2019). seqFISH + extends the barcode base palette from the 4-5 colors used in seqFISH to a larger “pseudocolor” palette that uses 60 pseudo-color channels to encode barcodes, effectively diluting the mRNA molecules into 60 separate images, positioning each mRNA site below the diffraction limits before reconstructing super-resolution images. In order to avoid chromatic aberrations between channels, the 60 pseudo-colors are divided into three fluorescent channels, and barcodes are only generated within each channel. By repeating this pseudocolor imaging four times (with one round used for error correction), 203 = 8,000 genes can be barcoded per channel, for a total of 24,000 genes (Takei et al., 2021; Bao et al., 2022). When compared to seqFISH, the imaging time of seqFISH + technology is significantly shorter. In addition, seqFISH + reduces the number of errors caused by sequential hybridization by overcoming optical crowding, making use of a large number of pseudo-colors, and employing shorter barcodes.
split-FISH: split-FISH is a multiplex fluorescent in situ hybridization method that uses split probes to improve the specificity of mRNA detection. A bridge sequence is designed between a pair of adjacent encoding probes. It is only when the pair of encoding probes hybridized at adjacent positions on target mRNA that there is sufficient complementary base pairing for the bridge probe to bind effectively. The bridge probe does not bind to either encode probe stably (Goh et al., 2020). A mRNA fluorescence signal is then produced when the fluorescently labeled readout probe hybridizes with the bridge probe. False positives are reduced, background fluorescence caused by the probe binding off-target is reduced, and accurate mRNA analysis in unclean tissue is made possible by Split-FISH (Takeuchi et al., 2012; Togashi et al., 2018). Figure 2.
[image: Figure 2]FIGURE 2 | The overview and principle of spatial transcriptome technologies based on in situ hybridization.
In situ sequencing-based spatial transcriptome technology
Fluorescent in situ sequencing (FISSEQ): FISSEQ is a non-targeted amplification detection method for gene expression profiling in fixed cells or tissues by converting mRNA into cross-linked cDNA amplicons and using SOLiD sequencing by ligation (Lee et al., 2015). Firstly, mRNA is reversing transcribed (RT) in fixed cells with labeled random hexamers. To prevent diffusion of cDNA fragments, primary amines are introduced into cDNA fragments by aminoallyl DUTP during RT to form amine-modified cDNA, and then the cDNA is immobilized on a cellular protein matrix by cross-linking primary amines with BS(PEG)9. Each cDNA is linearly amplified by rolling circle amplification (RCA) into a single molecule containing multiple copies of the original cDNA sequence, and BS(PEG)9 is used to cross-link the RCA amplicons. Subsequently, SOLiD sequencing by ligation is used for imaging and sequencing (Lee, 2017; Wang et al., 2021). FISSEQ is a transcriptome-wide unbiased in situ sequencing technique that overcomes optical resolution’s limitations and noisy signals’ impact on single-molecule detection (Lee et al., 2014; Nguyen et al., 2020). However, its sensitivity is low.
Barcode in situ targeted sequencing (Baristaseq): Baristaseq is an improved version of padlock probe-based in situ barcode sequencing technology that combines Illumina sequencing by synthesis (SBS) with a five-fold increase in detection efficiency (Chen et al., 2018). Barcodes can be used to uniquely label individual cells within a population, and as the sequence length increases, their diversity increases exponentially. These barcodes can be quickly distinguished owing to the high spatial resolution and high throughput of in situ sequencing. Furthermore, phusion DNA polymerase, which lacks strand displacement activity, is used in Baristaseq instead of Stoffel fragments, resulting in increased sensitivity and specificity. Additionally, Baristaseq employing Illumina sequencing chemistry has a lower background signal than SOLiD sequencing and is extremely accurate for cellular barcode sequencing (Chen et al., 2019; Zhang et al., 2022a).
Spatially resolved transcript amplicon readout mapping (STARmap): STARmap is a technology for 3D intact-tissue RNA sequencing, which integrates hydrogel-tissue chemistry (HTC), targeted signal amplification, and in situ sequencing (Wang et al., 2018). The signal is target-specific amplified by a method called SNAIL, where the probe is enzymatically replicated as a cDNA amplicon only if the primer and padlock probe hybridize to the same mRNA. After processing, the amplicons are stably cross-linked with tissue hydrogels to create tissue hydrogel complexes. To enable multiplexed gene detection, each SNAIL probe is designed with a gene-specific identifier. A sequencing of error reduction by dynamic annealing and ligation (SEDAL) method was designed to eliminate errors generated by sequencing, using a reading probe to decode the bases and a fluorescent probe to convert the decoded sequence information into a fluorescent signal. These two short probes only ligate to form a stable product for imaging when they are perfectly matched to the target DNA transient binding. Three-dimensional highly multiplexed mRNA quantification reveals spatial gene expression and cell type information (Kebschull et al., 2020; Biancalani et al., 2021). The advantage of STARmap is that SNAIL lessens the limitations of reverse transcription on in situ sequencing efficiency. Secondly, hydrogel-based tissue transformation technology synthesizes polymers in situ, enabling high-resolution imaging and analysis of tissues while preserving and extracting bimolecular information, which improves mechanical stability, reduces background, and increases optical transparency (Bao et al., 2022). SEDAL has a much smaller background than SOLiD. In addition, to cut down on residual errors caused by high-density speckle imaging, a two-base coding scheme was developed and implemented for SEDAL.
Barcoded oligonucleotides ligated on RNA amplified for multiplexed and parallel insitu analyses (BOLORAMIS): This mRNA detection technique by performing multiple parallel in situ analyses of barcoded oligonucleotides attached to mRNA without RT for spatially resolved, targeted, in situ mRNA identification of one or more targets (Liu et al., 2021). BOLORAMIS is based on combinatorial molecular indexing combined with direct mRNA-dependent ligation and clonal amplification of barcoded padlock probes. After cell fixation and permeabilization, probes are added so that they hybridize directly to mRNA molecules. This eliminates the need for RT to convert mRNA to cDNA. The probes are then ligated with SplintR ligase and RCA is performed to generate amplicons. After that, the amplicons are cross-linked to the cell matrix to prevent translocation and the barcodes are detected by fluorescence in situ hybridization (FISH) or sequenced in situ to obtain genetic information about the bases they encode. BOLORAMIS is more sensitive than non-targeting methods like FISSEQ, Slide-seq, and high-definition spatial transcriptomic (HDST) because it targets specific genes of interest in a highly multiplexed manner (Kleino et al., 2022; Moffitt et al., 2022). By employing SplintR ligase, BOLORAMIS eliminates the need for RT in comparison to in situ padlock probe methods, thereby reducing the potential for detection bias and the cost of experiments associated. BOLORAMIS has the shortest blot required for in situ transcript detection, i.e., 25 nt, when compared to other RT-free methods like MERFISH, seqFISH+, and STARmap (Zhang et al., 2022a; Moses and Pachter, 2022). Figure 3.
[image: Figure 3]FIGURE 3 | The overview and principle of spatial transcriptome technologies based on in situ hybridization.
In situ capture-based spatial transcriptome technology
Spatial transcriptomics (ST): Spatial transcriptomics is a technique for visualizing and quantifying mRNA at spatial resolution through barcode microarray slices. Tissues are placed on oligonucleotide microarrays slide (slide surfaces are shown as spots), and each array features contains unique positional barcode, unique molecular identifier (UMI), poly(d)T oligonucleotides and sequencing primer. Then the tissues are fixed, stained with H&E, and imaged. After permeabilization of tissue sections, poly(d)T captures mRNA and visualizes cDNA synthesis with fluorescently labeled nucleotides. After tissue is enzymatically removed, the cDNA containing UMI information and spatial barcodes is obtained. NGS is used to later create and sequence amplification-based sequencing libraries. For the purpose of visualization and analysis, the tissue images are aligned with array features, and the RNA-seq data is classified using spatial barcodes (Stahl et al., 2016; Rao et al., 2021). The integration of histological imaging and gene expression profiling is a primary feature of ST. Histological imaging is performed by conventional staining schemes to capture morphological features, whereas expression profiling is carried out through processing and sequencing of spatially barcoded cDNA (Moncada et al., 2020; Srivatsan et al., 2021). The first generation of ST microarrays consisted of ∼1,000 spots, each with a diameter of 100 μm, and thus provided an averaged transcriptomic profile from a mixture of tens of cells. The ST technology was further developed and commercialized by 10x Genomics, which enabled the detection of one to 10 cells with increased sensitivity and throughput (∼5,000 spots with a spot diameter of 55 mm) (Stahl et al., 2016; Larsson et al., 2021).
Slide-Seq: Slide-Seq is a measurement technique for high-resolution genome-wide expression analysis that uses beads combined with spatially indexed barcodes to infer the location of mRNA through spatial mapping (Wang et al., 2021). SOLiD sequencing chemistry can be used to determine the DNA barcode sequence on each bead, which is placed on a single layer of rubber-coated glass coverslip (Rodriques et al., 2019). Fresh frozen tissue sections are transferred to the surface of dry beads, and the beads capture the mRNA released from the tissue to prepare a barcoded RNA-seq library. The library is finally decoded by SOLiD sequencing chemistry to identify the spatial location of the mRNA. Although slide-seq has a spatial resolution of 10 μm, its application is constrained by its low transcript detection sensitivity. Slide-seqV2 is created as a result of subsequent advancements in array indexing, bead synthesis, library generation, and mRNA capture efficiency that are approximately ten times greater than Slide-seq’s (Chen et al., 2021; Stickels et al., 2021).
High-definition spatial transcriptomic (HDST): Similar to Slide-seq, HDST uses spatial barcode bead arrays to capture mRNA from tissue sections for 2 μm resolution spatial gene expression analysis. 2,839,865 individually barcoded beads, each containing a different pool of spatial barcodes, unique molecular identifiers, and poly(d)T, are randomly placed into hexagonal arrays of 2 μm wells. The positions of the beads are then decoded through multiple rounds of sequential hybridization (Vickovic et al., 2019). Frozen tissue sections are placed on decoded slides, after staining and imaging, mRNA released from frozen tissue sections is captured and reverse transcribed, and then analyzed by RNA-seq. This method has subcellular resolution, but it is difficult to use in a lot of studies due to the random distribution of beads on the array, each of which needs to be individually decoded for surface barcodes before use (Wang et al., 2021).
Deterministic barcoding in tissue for spatial omics sequencing (DBiT-seq): DBiT-seq is a multi-omics sequencing technology based on microfluidic technology to introduce barcodes into tissue sections, therefore obtain transcriptomic and proteomic information at near single-cell resolution (Su et al., 2021). In practice, combined DNA barcodes (A and B) are introduced into tissue sections using microfluidic chips, leading to in situ reverse transcription of mRNAs to generate cDNAs containing the combined barcodes (Liu et al., 2020). Subsequently, the combined barcodes are joined at the intersection to produce a two-dimensional image of the tissue. Tissue slides are stained with a mixture of antibody-derived DNA tags (ADTs) to identify proteins prior to the introduction of barcodes. After forming a spatially barcoded tissue image, the tissue is digested, the spatially barcoded cDNAs are recovered for PCR amplification, an NGS sequencing library is constructed, and finally the corresponding transcripts and protein barcodes are detected using paired-end NGS sequencing to reconstruct the spatial expression profile (Miller et al., 2022).
Seq-Scope: Seq-Scope is a spatial transcriptomic technology that combines spatial barcodes and Illumina sequencing to achieve high resolution, displaying the organization of the transcriptome at the tissue, cellular and even subcellular levels (Cho et al., 2021). There are two main sections to the Seq-scope. The first step is to generate a physical array of RNA capture molecules encoded by high-definition map coordinate identifiers (HDMI) and its corresponding barcodes using the MiSeq method of the Illumina sequencing platform. The second step involves capturing mRNAs released by the tissue from the physical array, reverse transcribed to obtain cDNA, followed by the synthesis of secondary strands using random primers, PCR collection and preparation of secondary strand sequencing libraries, and finally a paired-end sequencing to obtain cDNA sequences and their matching HDMI barcodes with spatial location information (Do et al., 2022). Seq-Scope has ultra-high resolution and high efficiency mRNA capture rate. The current limitation of Seq-Scope is that it can only be used to study the transcriptome of poly-A tagged genes.
Light-Seq: Light-seq is a method for sequencing in fixed cells and tissues using photoconductive DNA barcoding (Kishi et al., 2022). On fixed and permeabilized cell or tissue sections, the cDNA is first synthesized by in situ RT, and then DNA barcodes containing ultrafast photo-crosslinkers are bound to the cDNA by UV irradiation. A cross-linking synthesis reaction incorporates the DNA barcodes and cDNA into new DNA single strands to produce a combined, spatially indexable sequencing library. Next, NGS is used to enable imaging and whole transcriptome sequencing of selected cells in fixed samples. Figure 4.
[image: Figure 4]FIGURE 4 | The overview and principle of in situ capture-based spatial transcriptome technology.
Space transcriptome technology based on living cell markers
Transcriptome in vivo analysis (TIVA): TIVA is an ideal method for fluorescently labeling cells in living tissue, selectively activating and isolating mRNA from cells of interest, and retaining information about the spatial location of individual cells (Yeldell et al., 2020). The TIVA-tag is a versatile light-activated mRNA capture molecule that penetrates the cell with the help of cell-penetrating peptide (CPP) (Lovatt et al., 2014). The fluorescently labeled TIVA-tag precisely directs us to the target mRNA. It is then selectively photo-activated by the laser. The affinity tag at the end of the mRNA is purified to form a TIVA-mRNA hybrid, which is then eluted off and the captured mRNA can be used for RNA-seq transcriptome analysis. TIVA is a high-resolution transcriptome method that can capture mRNA of varying sizes and abundances from single cells in living sections without causing significant cellular damage and is suitable for living cells or living tissues (Schneider and Hackenberger, 2017).
Zipseq: ZipSeq is a technique that uses pattern-specific illumination and light-caged oligonucleotides to label DNA barcodes (Zipcodes) onto the surface of living cells within intact tissues, linking scRNA-seq with spatial dimension and real-time phenotypic analysis (Hu et al., 2020). Specifically, double-stranded DNA is anchored to the cell membrane of the region of interest by high-affinity antibodies or lipid-modified oligonucleotides. Under specific illumination, cage-locked sequences with Zipcode on the double-stranded DNA are released to hybridize with fluorescent probes. Afterwards, in combination with high-throughput sequencing, makes it possible to image and spatially code the transcriptome of the region of interest (Xu et al., 2014).
APex-seq: APex-seq is a sequencing method that uses the peroxidase APEX2 to target cells in a cellular region of interest within living cells (Fazal et al., 2019). APEX-seq can generate nanometer-resolution spatial maps of the transcriptome in various subcellular regions, precisely characterize the spatial organization of mRNAs, reveal the localization patterns of different types of mRNAs and transcriptional isoforms, and link mRNA localization to genome structure, protein localization, and local translation mechanisms (Padron et al., 2019). Additionally, “non-purifiable” structures like the nuclear layer and mitochondrial outer membrane can be analyzed with APEX-seq; it can also detect lncRNAs, antisense RNAs, and untranslated mRNAs not bound by ribosomes, but it cannot provide single-cell information (Wu et al., 2021; Li et al., 2022). Figure 5.
[image: Figure 5]FIGURE 5 | The overview and principle of space transcriptome technology based on living cell markers.
APPLICATION OF SPATIAL TRANSCRIPTOME TECHNOLOGY IN NERVOUS SYSTEM DISEASES
Neurodegenerative disease
Spatial transcriptomics not only provides information on gene expression, but also spatially locates the pathological mechanisms of disease based on spatial location information (Liu et al., 2022). One study found through spatial transcriptomics that the center of mixed active/inactive injuries in postmortem multiple sclerosis (MS) brain tissues from humans as well as the acute stage of experimental autoimmune encephalomyelitis development in mice exhibit the greatest reduction in autophagy-related (ATG) gene expression (Misrielal et al., 2022). The results help to understand the role of autophagy in different stages of MS pathology, and measuring ATG expression can help to assess disease severity and progression. Another study used spatial transcriptome technology with high spatial resolution to identify the heterogeneous distribution of neurodegeneration in the middle gray matter of the brains of MS patients (Kaufmann et al., 2022). Regional data was also used to infer the temporal evolutionary pattern of neurodegeneration and to investigate the mechanisms of early intercellular communication in MS neurodegeneration in order to provide the most appropriate therapeutic intervention.
Motor neuron degeneration in amyotrophic lateral sclerosis (ALS) results in muscle denervation atrophy (Lepine et al., 2022). Therefore, it is crucial to use spatial transcriptomics to collect and examine changes in ALS gene expression in order to identify cellular subpopulations associated with each stage of the disease process and to investigate the underlying molecular mechanisms that cause and sustain the disease. Early microglia gene expression changes in ALS are mediated by TREM2 and TYROBP, according to a study that used spatial transcriptomics (ST) to examine gene expression changes in postmortem tissues of ALS patients and mouse models (Maniatis et al., 2019). Gene expression signatures of regional astrocyte populations with distinct, disease-related spatio-temporal dynamics were discovered through spatial co-expression analysis. Additionally, this study revealed a number of transcriptional pathways shared by human postmortem spinal cord models and mouse models of ALS, providing data and information for subsequent research. The spatial transcriptome of human ALS cortical tissue was examined in another study using ST and Basescope technology (Gregory et al., 2020), and ST found 16 candidate transcripts with differential expression that could be analyzed using gene ontology to find common disease pathways among transcripts. This study evaluates abnormally regulated transcripts while maintaining spatial resolution, identifies abnormally regulated genes that may reveal previously unknown pathways in ALS pathogenesis, and may ultimately inform therapeutic target selection and biomarker development in this field.
A study used the spatial transcriptomics approach LCM-seq to analyze substantia nigra pars compacta (SNpc) and ventral tegmental area (VTA) dopamine neurons isolated individually from the postmortem brains of 18 individuals (Aguila et al., 2021). The re-identification of 33 markers that are consistently and differentially expressed in SNpc and VTA dopamine neurons, two types of dopamine neurons (DA) that are associated with Parkinson’s disease (PD) and other degenerative diseases, provides important targets for adjusting neuronal vulnerability or analyzing disease. In an additional study (Kamath et al., 2022), they used single nucleus mRNA sequencing to identify 10 transcriptionally distinct subpopulations in an effort to comprehend all cell types in the substantia nigra densa. Slide-seq, a high-resolution spatial transcriptomics method, was also used to locate these populations along the SNpc’s dorsoventral axis. It was discovered that the DA subpopulation SOX6_AGTR1 is extremely sensitive to PD neurodegeneration. Further enrichment analysis revealed that this subpopulation of PD genetic risk genes expresses motifs that may intrinsically affect neurodegeneration in cells. This study reveals the molecular characteristics of DA neurons’ vulnerability and the molecular cascade that leads to their death, which may offer new insights for the improvement of PD experimental models and the development of cell-type-specific or disease-modifying therapies.
To better comprehend the disease, a comprehensive gene expression profile at an early stage is helpful in defining the cellular layers of the brain on a molecular level. As a result, two brain regions associated with the pathogenesis of Alzheimer’s disease (AD) were the focus of a study (Navarro et al., 2020), the hippocampus and olfactory bulb (OFB), by utilizing spatial transcriptomics (ST) to quantify genes that were differentially expressed in the hippocampal and OFB regions of mouse AD models and controls. Additionally, the researchers discovered that hippocampal CA3 expression of BOK genes that are associated with mitochondrial physiology and cell death was decreased in AD patients and mice. It indicating that spatially restricted differential expression of BOK plays a role in the pathology of AD. This study provides a rich resource of spatially differentially expressed genes that will be of great help in understanding the pathology of AD. β-amyloid deposition-induced neuroinflammatory plaques are a common AD pathological change (Xu et al., 2023). A study used spatial transcriptomics (ST) to examine the transcriptional changes occurring in the structural domains of the tissue surrounding amyloid plaques in the APPNL−G-F mouse model to investigate the connection between this pathological change and neurodegeneration (Chen et al., 2020). Early in AD, gene co-expression networks enriched in myelin and oligodendrocyte genes (OLIGs) were found to be altered. It was hypothesized that upregulation of OLIGs might have a protective effect; however, this hypothesis ultimately fell apart as the amyloid plaque load increased. On the other hand, the multicellular gene co-expression network of plaque-induced genes involving the complement system, oxidative stress, lysosomes, and inflammation was particularly prominent in the later stages of the disease. This suggests that complement is an essential component of cellular interactions in the microenvironment of amyloid plaque. Spatial transcriptomic analysis is a novel method for deciphering dysregulated cellular networks near AD and other brain diseases’ pathogenic markers. Plaque-inducible gene’s expression and plaque distance were found to be linked in a recent study (Wood et al., 2022), AD plaque deposition significantly increased the expression of TREM2 and related genes, but not in areas immediately adjacent to plaques. In addition to microglia contacting plaques, TREM2 genotype was highly dependent on this tight regional expression increase. The existence of interactions between plaque and microglia genes is confirmed by this genotype-dependent dependence on plaque contact. In addition, genes differentially expressed in regions associated with pathological changes in AD have been studied using spatial transcriptomics, which may contribute to regional vulnerability in early AD (Chen et al., 2022a). For example, many AD-related signals, such as plaque-induced genes, disease-associated microglia genes, oligodendrocyte-responsive genes, A1 astrocyte genes, and tangle-associated genes, have been identified by ST in the middle temporal gyrus (MTG) 2/3 cortical layer, where excitatory neurons are particularly susceptible to degeneration in early AD. When used in conjunction with smFISH, the genes SLC1A3, KIF5A, SNCG, STMN2, CSRP1, PLP1, Glul, PAQR6, CD9, C1QB, SPP1, CD63, CryAB, and YWHAH were also found to be associated with two major AD pathological markers in layers II/III and V (Aβ plaques and NFTs or neuropil threads). For the purpose of elucidating the pathogenesis of AD and developing disease-modifying therapies for its prevention and treatment, spatial transcriptomics can identify main differences in the disease. Recent spatial transcriptomic studies focusing on inositol polyphosphate-5-phosphatase D (INPP5D) (Castranio et al., 2022), a risk gene for AD, found that knocking down INPP5D in PSAPP mice significantly altered the plaque-specific gene expression profile, exacerbated plaque deposition, and increased the number of microglia associated with plaque. Additionally, CST7 was discovered to be a potentially highly specific marker of AD brain plaques thanks to the presence of a plaque-associated differentially expressed genes signature in spatial transcriptomic analysis. In contrast, another study using an INPP5D-haploinsufficient mouse model (Lin et al., 2022) revealed that INPP5D haploinsufficiency altered pathways related to protein digestion, synaptic plasticity, calcium signaling, and cytokine production in plaque-associated microglia, according to spatial transcriptional profiling of amyloid plaque-associated microglia. It is proposed that INPP5D haploinsufficiency slows neuronal dysfunction and cognitive decline by increasing protective responses in microglia, thereby limiting pathological changes in Aβ. As a result, blocking INPP5D might be an option for AD treatment.
Neuropsychiatric disorders: The spatial organization of the brain is fundamentally linked to its function. Based on cell type and density, the neocortex can be divided into six layers, and cells in different layers exhibit distinct patterns of gene expression (Jiang et al., 2015). Localizing spatial gene expression in the human brain at cellular resolution will be essential for advancing our understanding of disease mechanisms because the pathology and gene expression differences that are associated with neuropsychiatric disorders are restricted to particular cortical layers (Kita et al., 2021). To this end, a study sought to identify a spatial gene expression profile in the dorsolateral prefrontal cortex (DLPFC), a brain region associated with numerous neuropsychiatric disorders (Maynard et al., 2021). Several DLPFC laminar flow marker genes were detected, including AQP4 (L1), HPCAL1 (L2), FREM3 (L3), TRABD2A (L5), and KRT17 (L6). In addition, the laminar enrichment of genetic variant genes associated with major depressive disorder (MDD), bipolar disorder (BPD), schizophrenia (SCZD), and autism (ASD) was examined. ST analysis of gene expression in the human DLPFC’s intact spatial organization reveals a broad laminar expression profile, shedding light on crucial functions related to the spatial and molecular definition of cell populations across cortical layers. Furthermore, the hippocampus is one of the brain regions closely associated with the pathogenesis of schizophrenia (Zierhut et al., 2013; Lieberman et al., 2018). Using LCM-seq technology, a study examined the human hippocampal dentate gyrus granular cell layer (DG-GCL) for cell type enrichment expression analysis (Jaffe et al., 2020). Among the 9 million expressed quantitative trait loci (eQTLs) identified in the DG-GCL, expression of 15 transcriptional signatures associated with schizophrenia risk loci were identified, including PSD3, MARS, NLGN4X, GRM3, SEMA6D, MMP16, THEMIS, SATB2, CACNA1C, KCTD18, PRKD1, HDAC2-AS2. GRM3 and CACNA1c, which respectively encode G protein-coupled receptors and ion channels, are typical targets for schizophrenia drug therapy in this context. The development of experimental models for the treatment of psychiatric disorders can greatly benefit from the discovery of these cell type-specific associations.
Stroke: The heme released after intracranial hemorrhage either generates superoxide or interactions with cells to cause an inflammatory response, leading to secondary brain damage (Chen et al., 2022b). To validate the pro-inflammatory activity of heme and characterize its key phenotypes causing secondary brain injury, a study injected different doses of heme into a mouse model and performed spatial transcriptome analysis to define the brain heme response signature (Buzzi et al., 2022). ST data also showed that heme activates inflammation through multiple synergistic signaling cascades. It leads to marked dose-dependent inflammation, as well as localized disruption of BBB function, brain edema, perfusion deficit and severe neurological impairment. Hemopexin (Hpx), on the other hand, reduces the effects of cerebral heme on gene expression, radiological abnormalities, and neurological deficits. As a result, Hpx supplementation might be an option for treating intracranial hemorrhage (Akeret et al., 2022; Qiu et al., 2022).
Epilepsy: Neuroinflammation may exacerbate seizures, according to clinical and experimental research (Soltani Khaboushan et al., 2022). During the early stages of epileptic activity, immune cell activation releases cytokines that alter epileptic thresholds by triggering transcriptional signals in glial cells or the microenvironment (Iori et al., 2016). Using 10x Genomics spatial transcriptomics, a recent study used models of epilepsy to observe transcriptional changes in specific brain regions in mice (Zhang et al., 2022b). A distinct regional transcriptome signature was found in the hippocampus of epileptic mice. Moreover, the hippocampus exhibited a unique inflammatory gene profile, including glial cell activation, apoptosis and immune response. C-C chemokine ligand 5 (CCL5) was found to be significantly expressed among all differentially expressed genes. However, in epileptic mice, Maraviroc, a C-C chemokine receptor 5(CCR5) antagonist, prevented microglia activation and neuronal degeneration, thereby reducing the activity of epilepsy. Neuroinflammation after seizures may be targeted by CCL5/CCR5 signaling, as suggested by the outcome. This study provides new insights into immune interventions for seizure activity, maps brain region-specific gene expression profiles, and enhances our understanding of the inflammatory profile of seizures.
There is a high prevalence of memory impairment in patients with temporal lobe epilepsy (TLE) (Busch et al., 2022b). Using the novel method called spatial transcriptomics, the molecular changes associated with TLE memory impairment can now be seen, and biomarkers of the disease can be found (Busch et al., 2022a). The differential expression of transcripts in four brain regions (the dentate gyrus, CA3, CA1, and neocortex) associated with episodic memory in TLE patients was spatially quantified in a recent study using spatial transcriptomic techniques. Numerous differentially expressed transcripts (DETs) were found in the hippocampus and neocortex, two memory subregions, according to the findings. DETs in the hippocampal subregions involve genes related to neuritogenesis and long-term potential, processes that are essential for the formation of new memories. Numerous DETs in the neocortex are associated with neurodegenerative diseases. The hippocampal CA3 subregions show the strongest molecular signature of the temporal lobe subregions’ distinct roles in the molecular changes associated with memory impairment. BDNF was found to be the center of CA3-related networks that control phenotype-related processes like cognition, memory, long-term potentiation, and neurocytogenesis after analysis.
Burst discharges not only appear in animal models of brain tumors, but also in the peritumoral area of patients with malignant brain tumors during biopsy. In patients with malignant brain tumors, burst discharges in the peritumoral region may be a source of epileptic activity. In addition, growing evidence suggests that interactions between gliomas and neurons in the peritumoral region are necessary for the occurrence of epileptic discharges. A recent study established a rat glioma model and characterized it at the cellular and molecular levels in order to investigate the biological changes associated with the peritumoral region (Komiyama et al., 2022).
A transcriptome analysis using LCM-seq in brain tissue sections of a rat glioma model identified 19 genes that were differentially expressed in the peritumoral region (Komiyama et al., 2022). Five of these genes (GFAP, GMPPA, TUBB2B, SLC22A8, and PLXNB3) were linked to epilepsy or neurodevelopmental disorders. In addition, 31 typical signaling pathways that could be actively altered in the peritumoral region were predicted by this study. These findings contribute to a deeper comprehension of the pathophysiological mechanisms of glioma-associated epilepsy and suggest that biological changes in the peritumoral region may be the cause of the condition Supplementary Table S1.
CONCLUSION AND FUTURE DIRECTIONS
Spatial transcriptomic technologies provide new insights to explore the molecular mechanisms of disease from the perspective of spatial heterogeneity and offer new means to discover potential biomarkers and predict disease progression, playing a huge application within the diagnosis and treatment of neurological diseases. Despite the expansion of spatial transcriptomic innovations, there is currently no single spatial transcriptomic technique suitable for all situations. These spatial transcriptomic methods still need to be enhanced for experimental studies. In general, these technologies have the following defects that need to be improved: 1) High-resolution profiles can be obtained using microdissection-based techniques, but they include laborious processes and are difficult to use. 2) Target mRNA can be detected using in situ hybridization techniques, but smFISH is limited by the amount of fluorophores, seqFISH, and MERFISH are expensive studies, and probe hybridization can be mistaken. 3) Technologies using in situ sequencing have a low detection throughput and can only perform targeted detection. 4) While increasing resolution and throughput, in situ capture technologies can only reach the level of a single cell. (4) Live cell-based spatial transcriptome technology is not entirely suitable to the study of human materials. In the Supplementary Material section, a summary table with specifics on sample type, approach, spatial resolution, throughput, detection level (depth), advantages and restrictions could well be noticed.
Over all, future spatial transcriptome technologies must therefore be improved and enhanced. In order to fully describe and comprehend the microenvironment of brain tissue, the spatial transcriptome can combine with other spatial histology technologies like spatial proteomics to discover protein expression and localization patterns at the single-cell level. This will make it easier to show a complete and accurate brain cell atlas as anticipated from the Brain Initiative Cell Census Network (BICCN) and the Human Cell Atlas. In addition, multi-omics synthesis provides reliable information for investigating disease causation, finding therapeutic targets, and discovering new biomarkers. Secondly, combining spatial transcriptomic data with multimodal data, such as calcium imaging and/or optogenetic probing, can also produce interpretations of circuit activity that are specific to particular cell types. This can take full advantage of the spatial transcriptome to unravel the complex intercellular interactions, gene regulatory networks and subcellular structures under physiological and pathological conditions.
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