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Abstract: The hippocampus is an important part of the limbic system in the human brain that has
essential roles in spatial navigation and cognitive functions. It is still unknown how gene expression
changes in single-cell in different spatial locations of the hippocampus of Parkinson’s disease. The
purpose of this study was to analyze the gene expression features of single cells in different spatial
locations of mouse hippocampus, and to explore the effects of gene expression regulation on learning
and memory mechanisms. Here, we obtained 74 single-cell samples from different spatial locations
in a mouse hippocampus through microdissection technology, and used single-cell RNA-sequencing
and spatial transcriptome sequencing to visualize and quantify the single-cell transcriptome features
of tissue sections. The results of differential expression analysis showed that the expression of Sv2b,
Neurod6, Grp and Stk32b genes in a hippocampus single cell at different locations was significantly
different, and the marker genes of CA1, CA3 and DG subregions were identified. The results of gene
function enrichment analysis showed that the up-regulated differentially expressed genes Tubb2a,
Enol, Atp2b1, Plk2, Map4, Pex5I, Fibcdl and Pdzd2 were mainly involved in neuron to neuron synapse,
vesicle-mediated transport in synapse, calcium signaling pathway and neurodegenerative disease
pathways, thus affecting learning and memory function. It revealed the transcriptome profile and
heterogeneity of spatially located cells in the hippocampus of PD for the first time, and demonstrated
that the impaired learning and memory ability of PD was affected by the synergistic effect of CA1
and CA3 subregions neuron genes. These results are crucial for understanding the pathological
mechanism of the Parkinson’s disease and making precise treatment plans.

Keywords: single-cell RNA-seq; spatial transcriptome; Parkinson’s disease; hippocampus

1. Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disease,
which mainly affects people over 60 years old. With the advent of an aging society all over
the world, PD increases gradually with the increase of age. At present, people are paying
more and more attention to non-motor symptoms in PD, such as cognitive impairment
and behavioral disorders. Many patients will eventually suffer from dementia, which has
a significant impact on the quality of life [1-3]. Previous studies have mainly focused on
the substantia nigra and striatum, revealing the pathogenesis of PD through nigrostriatal
dopaminergic lesions [4], while less scientific research has been done about the hippocam-
pus. However, with the deepening of people’s understanding of the neuropsychiatric
symptoms of PD, it was found that the hippocampus can affect the occurrence of the
disease through dopamine and other transmitter systems [5]. Therefore, research on the
hippocampus can better explain the mechanism of non-motor symptoms of PD.
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In the traditional view, the hippocampus was only considered to be closely related to
dementia. However, new data from animal models and human studies have altered this
view [6-9], and the results show that the interaction between dopamine transmission and
hippocampal synaptic plasticity plays a key role in memory and behavior [10]. Previous
studies have shown that the hippocampus was significantly atrophied in patients suffering
from PD, regardless of whether they have dementia [11]. Therefore, we speculate that
the hippocampus may have a relationship with the occurrence of PD. At present, new
data on cognitive impairment and behavioral disorders of PD also verify the role of the
hippocampus in cognitive function and behavior [2,12]. Due to the extremely complex
composition of cells in the hippocampus, studying the hippocampus as a unique structure
does not facilitate the elucidation of the different mechanisms of cognitive performance [13].
Therefore, this study analyzed the gene expression changes in different positions of the
hippocampus using single-cell and spatial transcriptome sequencing technologies, which
have scientific and clinical importance for a comprehensive understanding and exploration
of the pathogenesis and potential therapeutic targets of PD.

Spatial transcriptome sequencing is a key technology to advance the understanding of
brain architectures, reveal the spatial disposition of cells and enable researchers to deter-
mine cell interactions and tissue construction to better understand diseases’” mechanisms.
For example, LCM-based spatial transcriptome sequencing technology analyzed dopamine
neurons in substantia nigra pars compacta and the ventral tegmental area of PD, revealing
the differential expression of dopamine neurons in different brain regions [14]. At present,
single-cell sequencing has revealed neurons and glial cells types in the brains of PD patients,
and determined the functional role of these cell types in the process of dopaminergic neuron
degeneration [15]. However, the research on spatial transcription sequencing technology in
PD is rarely reported.

Here, we took single-cell and spatial transcriptome sequencing to analyze gene ex-
pression changes in single cells at different locations in the hippocampus, enabling the
identification and characterization of cellular heterogeneity, which was crucial for under-
standing the cellular dysregulation associated with PD. Our research results reveal the
regulatory mechanism of gene expression changes in single cells at different locations on
learning and memory, and identified cell location-specific expression genes, providing
potential new markers and therapeutic targets for precise treatment of PD.

2. Results
2.1. Single Cell Captured

First, we analyzed the time required for mice to complete the pole test and rotarod test
(Figure S1A,B). The results show that the MPTP-induced PD mouse model was successfully
induced. In this study, the microdissection technique was used to collect single-cell samples
from the hippocampus of the PD and control mouse (Figure 1A), and transcriptome se-
quencing was performed. To analyze the gene expression changes of single cells in different
spatial location of the hippocampus, the neuronal cell bodies were identified by cresyl
violet staining (Figure 1B). Seventy-four neuronal cells were obtained from different spatial
location of the hippocampus, and a high-quality cDNA library was prepared with the
ulRNA-seq library construction method. We obtained an average of 16,600 genes from
single cells (Figure 1C). The quality control results showed three single-cell microregion
samples deviate significantly from other samples. Therefore, we screened 71 single-cell
microregion samples for subsequent analysis (Figure 1D).
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Figure 1. Schematic diagram for obtaining single cells. (A) A schematic diagram of the hippocampal
formation. (B) Brain tissue sections stained with cresol violet. (C) Scatterplot illustrating the number

of genes in each cell of PD and CN group. (D) Principal component analysis of all single-cell samples.
CN: control; PD: Parkinson disease.

2.2. Visualization and Bioinformatics Analysis of Tissue Domains

To analyze the cell types of single-cell microregion samples, we performed an un-
supervised cluster analysis of gene expression profiles in 71 single cells. All single-cell
microregion samples were visualized by t-distributed stochastic neighbor embedding
(t-SNE). All single-cell microregion samples were annotated according to the expression of
cell type specific marker genes, and it was found that all single cells belong to excitatory
neurons (Figure 2A). The heatmap showed that the gene expression patterns were different
between the PD and control group (Figure 2B), and 2677 differentially expressed genes
(DEGs) were screened (Figure 2C). In order to intuitively reflect the transcriptome charac-
teristics at different spatial locations, genes with the largest expression differences were
analyzed, namely Sv2b, Neurod6, Grp and Stk32b. The results showed that the expression
of Sv2b, Neurod6, Grp and S5tk32b in single cells of different regions of the hippocampus
in the control group was different. Compared with the control group, Sv2b and Neurod6
expression were significantly increased in CA1 and CA3 regions of PD mice, while Grp
and Stk32b expression were significantly reduced in single cells of different regions of PD
mice. Figure 2D-G provide an example of cluster mapping and identification, revealing the
heterogeneity of Sv2b, Neurod6, Grp and Stk32b expression at different spatial locations.
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Figure 2. Cell type identification and differential expression analysis. (A) Gene expression profiles of
single-cell microregion samples in the control group and PD group. (B) Single-cell type identification.
(C) Volcano plot of differential expression of single-cell microregion samples in CN and PD group.
(D-G) showed the expression of Sv2b, Neurod6, Grp and Stk32b genes in different spatial locations,
respectively. (H) Gene expression profiling of the top 10 specific marker genes at different spatial

locations. (I) Network plot showing marker genes of different spatial locations in the hippocampus.
CN: control; PD: Parkinson disease.

In addition, 10 marker genes specifically expressed were screened from 39 different
spatial locations in the hippocampus of PD mouse, and GO enrichment analysis was per-
formed. The result shows that single-cell microregion samples at different locations were
involved different functional (Figure 2H). A protein interaction network was constructed
with the screened marker genes, and a transcription factors regulatory network was con-
structed to reveal the interaction of genes between different locations (Figure 2I). Among
them, the interaction between Syn2 and Snap25 is stronger, and the transcription of Camk2g
is regulated by Map?2 (Figure 2I).
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Spatial transcriptome sequencing analysis can be used to define the transcriptome
of specific regions. To assess transcriptome characteristics, we analyzed gene expression
correlations in single cells at different locations. Analysis between adjacent regions revealed
very similar expression profiles, with fewer DEGs (Figure 3A,B). In contrast, comparison to
more distant regions revealed different gene expression profiles, and there were more DEGs
(Figure 3A,C). The figure shows the differential changes of stable housekeeping genes and
specific expressed genes. It is very valuable to explore the gene expression patterns of
cell populations or tissue domains that can be identified by specifically expressing genes.
Features were selected on the basis of marker genes Snap25, PIk2 and Pdzd?2 in three distinct
tissue regions. Figure 3D shows the features distribution of specific genes at different spatial
locations in PD. The results showed that the gene expression correlation between Snap25
and PIk2 specific expression regions was 0.7001 (Figure 3E), while the gene expression
correlation coefficient between Snap25 and Pdzd2 specific expression regions was 0.1264
(Figure 3F), which revealed specific transcriptomes defined by these specific marker maps.
Therefore, we can determine the spatial region to which a single cell belongs according to
the specifically expressed genes.
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Figure 3. Gene expression profile analysis of tissue domain. (A) The single-cell locations of the
three subregions in the control group are shown. (B) Scatterplot of gene expression correlation
between CA1 and CA3 subregions. (C) Scatterplot of gene expression correlation between CAl
and DG subregion. (D) The spatial expression of marker gene maps of different tissue domains in
the hippocampus of Parkinson’s disease. (E) Analysis and comparison of differentially expressed
genes between Snap25+ expression sites and Plk2+ expression sites. (F) Analysis and comparison of
differentially expressed genes between Snap25+ expression sites and Pdzd2+ expression sites.
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2.3. Analysis of Single-Cell Transcriptome Data in Three Hippocampus Subregions

We used single-cell resolution spatial transcriptome sequencing to analyze the gene ex-
pression patterns between CA1, CA3 and DG subregions in a PD mouse, and identified the
differences between hippocampal circuit transcriptional profiles. The result of PCA analysis
showed that the three subregions were separated obviously, suggesting the importance
of conducting hippocampal subfield-specific analyses (Figure 4A). We used hierarchical
clustering to examine gene expression profiles generated. The results showed that there
were differences in gene expression patterns in single-cell microregion samples of different
subregions (Figure 4B). Compared with CA1 subregion, we identified 1453 and 2928 DEGs
in CA3 and DG subregion of PD group, respectively (Figure 4C). Compared with the CA3
subregion, 1910 DEGs were detected in the DG subregion, and there were 186 co-expressed
differential genes in the three subregions (Figure 4D). In addition, we also analyzed the
trajectories of gene expression changes in the three subregions. The top 12 DEGs were
selected from the co-expressed differential genes for analysis of their expression in the three
subregions. Among them, Sv2b, Rem2, Cpne7 and Iyd were highly expressed in the CA1
subregion; Ptpru, Leftyl, Fibcd1 and Fbn2 were highly expressed in the CA3 subregion; and
Lratd2, Pter, C1qI3 and Stxbp6 were highly expressed in the DG subregion (Figure 4E). We
selected three DEGs from DG subregion for RT-PCR detection. The results showed similar
changing trends between the qPCR verification and RNA sequencing results (Figure S2),
which indicate the reliability of the sequencing analysis results.

Differentially expressed genes can be used to assess the expression levels of genes
in different disease states, providing potential therapeutic targets for PD. However, the
polygenic nature of PD makes it difficult to draw relevant conclusions from functional lists.
We cluster genes into modules through WGCNA analysis, in which the brown module
is significantly associated with CA1 subregion (r = 0.95), the cyan module is significantly
associated with CA3 subregion (r = 0.93) and the salmon module is significantly associated
with DG subregion (r = 0.79) (Figure 5A,B). Figure 5C shows the number of genes contained
in each module. Therefore, brown, cyan and salmon modules were selected as clinically
important modules for further analysis.

To evaluate the interaction network of all of the associated DEGs in brown, cyan and
salmon modules, we performed GO enrichment analysis. In the brown module, signifi-
cantly enriched GO term included vesicle-mediated transport in synapse, synaptic vesicle
cycle, myelin sheath, distal axon, structural constituent of cytoskeleton and GTPase activity
(Figure S3A). In the cyan module, significantly enriched GO term included regulation of
membrane potential, glutamate receptor signaling pathway, neuron to neuron synapse,
postsynaptic membrane, cation channel activity and ion channel activity (Figure S3B).
In the salmon module, significantly enriched GO term included regulation of osteoblast
differentiation, neuron to neuron synapse, postsynaptic specialization, Rho GTPase binding
and small GTPase binding (Figure S3C). In addition, KEGG analysis show that the brown
module was mainly involved in pathways of neurodegeneration—multiple diseases. The
cyan module is mainly involved in calcium signaling pathway. The salmon module is
mainly involved in axonal guidance pathway (Figure 5D-F).
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Figure 4. Gene expression characteristics in the hippocampus of PD. (A) Principal component analysis
of single-cell samples from different subregions. (B) Heatmap of expression of all genes in single cells
of different subregions. (C) Differential expression analysis between different subregions. (D) Co-
expression analysis of differentially expressed genes between different subregions. (E) Analysis of
specific highly expressed genes in CA1, CA3 and DG subregions.
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Figure 5. Construction of the co-expression network. (A) Clustering dendrogram of all single-cell
samples. (B) Heatmap of the correlation between the module eigengenes and three subregions of
PD. (C) The number of genes detected by different modules. (D) KEGG pathway analysis of brown
module. (E) KEGG pathway analysis of cyan module. (F) KEGG pathway analysis of salmon module.

We calculated the module membership (MM) value of each gene to identify hub genes
in the module. The correlation analysis between the gene significance (GS) of the different
hippocampus subregions and the MM of the gene in each module was conducted to test
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whether the MM value was closely related to the hippocampus subregions. The results
showed that the correlation coefficient between GS and MM in the CA1 subregion was
highest in the brown module (correlation coefficient = 0.54, p value = 2.3 x 10~%) (Figure
S4A). The correlation coefficient between GS and MM in the CA3 subregion was highest in
the cyan module (correlation coefficient = 0.13, p value = 0.026) (Figure S4B). The correlation
coefficient between GS and MM in the DG subregion was highest in the salmon module
(correlation coefficient = 0.13, p value = 0.026) (Figure S4C). We used three criteria to screen
the key hub genes in brown, cyan and salmon modules: GS > 0.6, MM > 0.8, weighted
(top 100), and kMe (top 30). Twenty hub genes were screened from the three modules
respectively (Table S1), among which the hub genes screened in the CA1 subregion were
Aldoa, Tubb2a, Syn2, Sh3gl2 and Enol; the hub genes screened in the CA3 subregions were
Atp2b1, Plk2, Map4, Pex5l and Fibcdl; and the hub genes screened in the DG subregion
were Stxbp6, Pdzd2, Camk2g, Dgkh and Fam163b. Combined with the functional enrichment
analysis results of different module genes, we found that the hub genes screened from the
CA1 subregion are mainly involved in synaptic transport and neurodegenerative disease
pathways, revealing that these genes play a key role in the pathological regulation of PD in
the CA1 subregion. The hub genes of CA3 subregion are mainly involved in the glutamate
receptor signaling pathway and calcium signaling pathway. However, only Stxbp6, Pdzd2
and Camk2g in the DG subregion were involved in neuron to neuron synapse and the GnRH
signaling pathway. Based on the above research results, it was found that the single-cell
gene expression changes in the DG subregion of PD were small, which may not be the main
region of PD.

3. Discussion

According to the existing literature, gene expression changes of hippocampal neuronal
cells are associated with various neurodegenerative diseases [16-18], thus reducing the
cognitive ability of patients. Therefore, studying hippocampal tissue has become a crucial
and attractive subject for basic medical research and translational neurobiology. However,
the hippocampal neuronal cells are highly heterogeneous [19], and the mechanism of
cognitive impairment in PD remain incompletely understood. Therefore, in-depth analysis
of the gene expression patterns of cells in different spatial locations in the hippocampus is
crucial for understanding the composition and function of cell types in the hippocampus.
In this study, the gene expression changes of neuronal cells were analyzed at the single-cell
level and spatial location, thereby revealing that single cells at different spatial locations
in the hippocampus are involved in important biological functions and pathways in PD,
providing evidence for explaining the mechanism of cognitive dysfunction in PD.

To our knowledge, this is the first study to use single-cell and spatial transcriptome
sequencing technology to provide important functional insights about the molecular defi-
nition of cognitive dysfunction in PD. We first analyzed the cell types of the single cells
obtained in this study, and the result showed that all single cells belonged to excitatory
neurons. Compared with the control group, a total of 2677 DEGs were detected in the
hippocampus single-cell samples of PD, of which Sv2b, Neurod6, Snap25 and Stk32b were
differentially expressed. Previous studies have shown that Sv2b, Neurod6, Snap25 and Stk32b
were differentially expressed in the brains of PD patients, which revealed that they were
related to the occurrence of PD [20-23], but the level of expression of these genes in tissue
spatial location is unknown. Although single-cell transcriptome analysis has also shown
that Neurod6 was used as a specific marker for midbrain dopaminergic subpopulations,
the spatial location of cell subpopulations has not been studied [23]. In this study, the
gene expression pattern of spatial tissue structure was studied by single-cell resolution
spatial transcriptome sequencing, and the results showed that the expression of Snap25,
Sv2b and Neurod6 was significantly increased in single cells of the CA1 and CA3 subregions
of the hippocampus. It is well known that CA1 plays a crucial role in memory, especially
when re-experiencing memory [24]. According to the existing research results, Neurodé6 is
related to brain development and cognitive function, and can regulate neural differentiation
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and neuronal survival [25,26], thereby impairing the memory function innervated by the
hippocampus. SNAP25 is a synaptosome-associated protein involved in the regulation
of neurotransmitter release [27,28]. Yun et al. reported that LRRK2 may regulate neuro-
transmitter release via control of Snap25 by inhibitory phosphorylation and controlling the
function of Snap25 [29]. Overexpression of Snap25 can cause synaptic dysfunction, thereby
reducing learning and memory ability [29]. Consequently, these observations provide
important insights on the pathophysiology of cognitive dysfunction in PD.

In addition, WGCNA was used to further analyze gene function in the single-cell
samples of different subregions of PD. The results showed that the single-cell samples of
the CA1 subregion were mainly involved in vesicle-mediated transport in synapse and
neurodegenerative disease-related functions, and Syn2, Sh3gl2, Aldoa, Tubb2a and Enol
were screened as the key target genes. Among them, Syn2 and Sh3gI2 are mainly involved
in synaptic transmission and neurotransmitter secretion. It is well known that o-syn
aggregation leads to the formation of Lewy bodies [30], which is the main pathological
feature of PD. However, Lewy body lesions are unevenly distributed in the hippocampus
of patients with PD, mainly in the CA1 and CA2 subregions, while DG and CA3 subregions
were free of Lewy-body pathology [31]. Previous studies have shown that excess x-Syn is
expressed in oligodendrocyte via vesicle-mediated transport [32], which leads to differential
expression of CA1 subregion. This is the first experimental evidence of synaptic dysfunction
in the hippocampus, and also reveals that there is a link between cognitive defects in PD
and Lewy body pathology in the CA1 subregion of the hippocampus [33-36]. Aldoa
and Enol are enzymes related to glycolysis and energy metabolism [37,38], and play
an important role in the post-translational modification of PD-related proteins. It suggested
that the function of cell CA1 subregion of hippocampus in PD was changed in glycolysis
and energy metabolism pathways [39]. These metabolic changes will lead to chronic
neuronal dysfunction, mainly manifested as synaptic function changes. Differing from the
CAL1 subregion, the single-cell samples of the CA3 subregion are mainly involved in the
glutamate receptor signaling pathway and calcium ion transport channel, and screened out
Atp2b1, Plk2, Map4, Pex5l and Fibcd1 as the key genes of this subregion. Previous studies
have shown that Atp2b1 is a key gene for calcium ion transport (calcium ion dysregulation is
involved in the pathogenesis of PD [40]) and plays a fundamental role in synaptic plasticity,
synaptic transport, memory and learning [41,42]. Plk2 is considered to be the main enzyme
of a-synuclein phosphorylation and plays a key role in the pathogenesis of PD [43]. While
Map4 is mainly expressed in neural cells [44], its function in the mechanism of PD is still
unclear. Therefore, single-cell and spatial transcriptome technology can accurately analyze
the location of differentially expressed genes in tissue space, which reveals the importance
of tissue-spatial gene expression analysis for PD research. These genes can be used as
markers of CA3 subregion of PD. However, Fibcd1 is highly expressed in the CA3 subregion,
which had not been reported in previous studies, so the role of this gene in the disease
needs to be further investigated.

Based on the results of gene function enrichment analysis, we found that the decline
of learning and memory in PD patients was influenced by the synergy of genes in neurons
of the CA1 and CA3 subregions. CA1 subregion neuron cells release neurotransmitters
through presynaptic vesicles, which convert electrical signals into chemical signals, thereby
activating Ca®* transport channels in single cells in the CA3 subregion. The increase of
intracellular free calcium levels gives rise to a range of calcium-dependent vital cellular pro-
cesses such as impaired plasticity, neuronal degeneration and cognitive impairment [45,46].
However, we found that the gene expression changes in the DG subregion of PD were
small, mainly involved in neuron to neuron synapse and synaptic guidance pathways, and
screened five key targets gene of Stxbp6, Pdzd2, Camk2g, Dgkh and Fam163b. In previous
studies, attention has not been paid to these genes in the pathological mechanism of PD. In
this study, single-cell and spatial transcriptome sequencing technology revealed the impor-
tance of these genes in the DG subregion of PD. Due to the limited number of single-cell



Int. J. Mol. Sci. 2023, 24,1810

11 0f 14

samples, we should increase the single-cell resolution and the number of samples in spatial
locations in future experiments to further improve and verify the accuracy of the data.

4. Materials and Methods
4.1. Animals

Eight male mice were housed in an SPF-grade room under a 12 h light/dark cycle,
fed standard rodent chow and water and randomly divided into a control group and
a model group, with four mice in each group. Model group C57Bl/6] mice (8 weeks old)
were treated intraperitoneally with MPTP (10 mg/kg, Sigma, St. Louis, MO, USA) for
10 days to induce an acute PD model. The control group mice were injected with the same
amount of normal saline. After 10 days, we first conducted the pole test and the rotarod
test. After the MPTP-induced PD mouse model was successfully induced, we selected one
mouse from PD group and one mouse from control group for spatial transcriptome study.
All experimental procedures were reviewed and approved by the Ethics Committee of
Zhongda Hospital Southeast University.

4.2. Single Cell Collection

Firstly, mouse brain tissue section was taken on a microtome at 20 um thickness, then
tissue section was mounted on glass slides with polyethylene naphthalate membranes.
Prior to microdissection, it is necessary to cresyl violet stain the cryosection for better
visualization to determine the DG, CA3 and CA1 orientation of hippocampal subfields for
dissection. Then, single cells were dissected with a laser capture microdissection (LCM)
system using the ultraviolet (UV) laser to cut out single-cell sample in the DG, CA3 and
CA1 regions. We obtained 39 single cells from the PD group and 35 single cells from the
control group.

4.3. Single-Cell Library Preparation

Single-cell library preparation was performed using ulRNA-seq protocol [47]. First,
RNA templates were denatured at 72 °C for 3 min, and immediately placed on ice af-
terward. Second, template switching first-strand cDNA synthesis was performed using
a 5'-biotinylated TSO oligo. Third, PCR pre-amplification was performed directly after
reverse transcription, and then the cDNA product was purified with 0.8 x Ampure XP
beads. Fourth, cDNA concentration was measured using the Qubit dsDNA Assay Kit
(Thermo Fisher Scientific, Waltham, MA, USA). Fifth, 1 ng of cDNA was used for the
tagmentation reaction carried out with One-step DNA Lib Prep Kit for [llumina (ABclonal,
Wuhan, China). Finally, cDNA library fragment distribution was detected with the Ag-
ilent 4200 High Sensitivity DNA Assay Kit (Agilent Technologies, Palo Alto, CA, USA).
According to the detection results, the quality of the cDNA library was determined, and
the subsequent cDNA library was sequenced on the Illumina HiSeq X10 PE150 platform
(Ilumina Inc., San Diego, CA, USA).

4.4. Bioinformatics Analysis

Firstly, the quality control analysis of the raw data is carried out, and the reads
containing adapter or poly-N sequences and low-quality reads are removed to generate
clean data for quantitative analysis of gene expression. Then, clean data were aligned to
the mouse reference sequences by Hisat2 (v2.0.5) software. Finally, featureCounts v1.5.0-p3
software was used to count the reads numbers mapped to each gene, and then the fragments
per kilobase of transcript per million (FPKM) of each gene was calculated according to the
length of the gene. The similarity between samples was evaluated by principal components
analysis (PCA), cluster analysis and correlation analysis. The DEGs between different
groups were analyzed with the DESeq2 R package (1.16.1). Gene ontology (GO) enrichment
analysis and Kyoto encyclopedia of genes and genomes databases (KEGG) enrichment
analyses were performed using the clusterProfile R package. The WGCNA R package
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was used to analyze the weighted gene co-expression network analysis (WGCNA) of
three hippocampal subregions.

5. Conclusions

In summary, we revealed the spatially mapped transcriptomic signature of the hip-
pocampus in PD mice by single-cell and spatial transcriptome sequencing techniques,
discovered that transcriptional regulation between cells in different locations affects cog-
nitive dysfunction and screened some key marker genes. Among them, the up-regulated
differentially expressed genes Tubb2a, Enol, Atp2b1, Plk2, Map4, Pex5l, Fibcd1l and Pdzd?2
were mainly involved in neuron to neuron synapse, vesicle-mediated transport in synapse,
the calcium signaling pathway and neurodegenerative disease pathways, while the down-
regulated differentially expressed genes Sh3gl2, Aldoa, Stxbp6 and Camk2g are mainly
involved in ATP metabolism and the GnRH signaling pathway. The key genes identified in
this study are expected to become new targets for disease treatment, providing new ideas
for in-depth exploration of the pathogenesis of PD.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms24031810/s1.

Author Contributions: Conceptualization, Q.G.; data curation, E.J., Y.5., HS,, YW, Y.Z,, Z.L., TQ.
and M.P; formal analysis, E.J., Y.S. and H.S.; funding acquisition, M.P,, Y.B., X.Z. and Q.G.; methodol-
ogy, E.J., Z.L. and Q.G.; project administration, Q.G.; software, T.Q. and M.P.; supervision, Y.B., X.Z.
and Q.G.; validation, Z.L.; writing—original draft, E.J. and Q.G.; writing—review and editing, M.P,,
Y.B. and X.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China No. 81827901.

Institutional Review Board Statement: All animal experimental procedures were reviewed and
approved by the Ethics Committee of Zhongda Hospital Southeast University (20200104005).

Informed Consent Statement: Not applicable.

Data Availability Statement: The scRNA-seq datasets are available at NCBI project PRINA899134
(https:/ /www.ncbinlm.nih.gov/, accessed on 7 November 2022).

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

PD Parkinson’s disease

OCT optimum cutting temperature

LCM laser capture microdissection

FPKM fragments per kilobase of transcript per million

PCA principal components analysis

DEGs differentially expressed genes

GO Gene ontology

KEGG Kyoto encyclopedia of genes and genomes databases

WGCNA  weighted gene co-expression network analysis
t-SNE t-distributed stochastic neighbor embedding
MM module membership

GS gene significance

1. Hely, M.A.; Reid, W.; Adena, M.A.; Halliday, G.M.; Morris, J. The Sydney multicenter study of Parkinson’s disease: The
inevitability of dementia at 20 years. Mov. Disord. 2008, 23, 837-844. [CrossRef] [PubMed]

2. Kehagia, A.A.; Barker, R.A.; Robbins, T.W. Neuropsychological and clinical heterogeneity of cognitive impairment and dementia
in patients with Parkinson’s disease. Lancet Neurol. 2010, 9, 1200-1213. [CrossRef] [PubMed]

3. Weintraub, D.; Burn, D.]. Parkinson’s disease: The quintessential neuropsychiatric disorder. Mov. Disord. 2011, 26, 1022-1031.

[CrossRef] [PubMed]

4. Demaagd, G.; Philip, A. Parkinson’s Disease and Its Management: Part 1: Disease Entity, Risk Factors, Pathophysiology, Clinical
Presentation, and Diagnosis. Pharm. Ther. 2015, 40, 504-532.


https://www.mdpi.com/article/10.3390/ijms24031810/s1
https://www.mdpi.com/article/10.3390/ijms24031810/s1
https://www.ncbi.nlm.nih.gov/
http://doi.org/10.1002/mds.21956
http://www.ncbi.nlm.nih.gov/pubmed/18307261
http://doi.org/10.1016/S1474-4422(10)70212-X
http://www.ncbi.nlm.nih.gov/pubmed/20880750
http://doi.org/10.1002/mds.23664
http://www.ncbi.nlm.nih.gov/pubmed/21626547

Int. . Mol. Sci. 2023, 24, 1810 13 of 14

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Berretta, N.; Berton, F,; Bianchi, R.; Capogna, M.; Francesconi, W.; Brunelli, M. Effects of dopamine, D-1 and D-2 dopaminergic
agonists on the excitability of hippocampal CA1 pyramidal cells in guinea pig. Exp. Brain Res. 1990, 83, 124-130. [CrossRef]
Cinzia, C.; Carmelo, S.; Sabrina, S.; Alessandro, T.; Michela, T.; Veronica, G.; Di Filippo, M.; Pendolino, V.; De Iure, A,;
Marti, M.; et al. Mechanisms underlying the impairment of hippocampal long-term potentiation and memory in experimental
Parkinson’s disease. Brain 2012, 135 Pt 6, 1884—1899.

Lisman, J.E.; Grace, A.A. The Hippocampal-VTA Loop: Controlling the Entry of Information into Long-Term Memory. Neuron
2005, 46, 703-713. [CrossRef]

Adcock, R.A.; Thangavel, A.; Whitfield-Gabrieli, S.; Knutson, B.; Gabrieli, ]. Reward-Motivated Learning: Mesolimbic Activation
Precedes Memory Formation. Neuron 2006, 50, 507-517. [CrossRef]

Pessiglione, M.; Seymour, B.; Flandin, G.; Dolan, R.J.; Frith, C.D. Dopamine-dependent prediction errors underpin reward-seeking
behaviour in humans. Nature 2006, 442, 1042-1045. [CrossRef]

Ghiglieri, V.; Sgobio, C.; Costa, C.; Picconi, B.; Calabresi, P. Striatum-hippocampus balance: From physiological behavior to
interneuronal pathology. Prog. Neurobiol. 2011, 94, 102-114. [CrossRef]

Laakso, M.P,; Partanen, K.; Riekkinen, P.; Lehtovirta, M.; Helkala, E.L.; Hallikainen, M.; Hanninen, T.; Vainio, P.; Soininen,
H. Hippocampal volumes in Alzheimer’s disease, Parkinson’s disease with and without dementia, and in vascular dementia:
An MRI study. Neurology 1996, 46, 678-681. [CrossRef] [PubMed]

Voon, V.; Fernagut, P.O.; Wickens, J.; Baunez, C.; Bezard, E. Chronic dopaminergic stimulation in Parkinson’s disease: From
dyskinesias to impulse control disorders. Lancet Neurol. 2009, 8, 1140-1149. [CrossRef]

Wang, N.; Zhang, L.; Yang, H.G.; Luo, X.G.; Fan, G.G. Do multiple system atrophy and Parkinson’s disease show distinct patterns
of volumetric alterations across hippocampal subfields. Eur. Radiol. 2019, 29, 4948-4956. [CrossRef] [PubMed]

Aguila, J.; Cheng, S.; Kee, N.; Cao, M.; Wang, M.; Deng, Q.; Hedlund, E. Spatial RNA sequencing identifies robust markers of
vulnerable and resistant human midbrain dopamine neurons and their expression in Parkinson’s Disease. Front. Mol. Neurosci.
2021, 14, 699562. [CrossRef]

Ma, S.X.; Su, B.L. Single-Cell RNA Sequencing in Parkinson’s Disease. Biomedicines 2021, 9, 368. [CrossRef]

Villar-Conde, S.; Astillero-Lopez, V.; Gonzalez-Rodriguez, M.; Villanueva-Anguita, P.; Saiz-Sanchez, D.; Martinez-Marcos, A.;
Flores-Cuadrado, A.; Ubeda-Banon, I. The Human Hippocampus in Parkinson’s Disease: An Integrative Stereological and
Proteomic Study, Journal of Parkinson’s Disease. J. Park. Dis. 2021, 11, 1345-1365.

Mu, Y.; Gage, EH. Adult hippocampal neurogenesis and its role in Alzheimer’s disease. Mol. Neurodegener. 2011, 6, 85. [CrossRef]
Fan, X.L.; Wheatley, E.G.; Villeda, S.A. Mechanisms of Hippocampal Aging and the Potential for Rejuvenation. Annu. Rev.
Neurosci. 2017, 40, 251-272. [CrossRef]

Zhang, H.; Li, J.; Ren, J.; Sun, S.; Ma, S.; Zhang, W.; Yu, Y,; Cai, Y.; Yan, K; Li, W,; et al. Single-nucleus transcriptomic landscape of
primate hippocampal aging. Protein Cell 2021, 12, 695-716. [CrossRef]

Dai, C.; Zhang, Y.; Zhan, X,; Tian, M.; Pang, H. Association Analyses of SNAP25, HNMT, FCHSD1, and DBH Single-Nucleotide
Polymorphisms with Parkinson’s Disease in a Northern Chinese Population. Neuropsychiatr. Dis. Treat 2021, 17, 1689-1695.
[CrossRef]

Lekholm, E.; Ceder, M.M.; Forsberg, E.C.; Schith, H.B.; Fredriksson, R. Differentiation of two human neuroblastoma cell lines
alters SV2 expression patterns. Cell. Mol. Biol. Lett. 2021, 26, 5. [CrossRef] [PubMed]

Chung, C.Y.; Seo, H.; Sonntag, K.C.; Brooks, A. Cell type-specific gene expression of midbrain dopaminergic neurons reveals
molecules involved in their vulnerability and protection. Hum. Mol. Genet. 2005, 14, 1709-1725. [CrossRef]

Viereckel, T.; Dumas, S.; Smith-Anttila, C.J.A.; Vlcek, B.; Bimpisidis, Z.; Lagerstrm, M.C.; Konradsson-Geuken, A.S.; Wallén-
Mackenzie, A. Midbrain Gene Screening Identifies a New Mesoaccumbal Glutamatergic Pathway and a Marker for Dopamine
Cells Neuroprotected in Parkinson’s Disease. Sci. Rep. 2016, 6, 35203. [CrossRef] [PubMed]

Das, T.; Hwang, J.].; Poston, K.L. Episodic recognition memory and the hippocampus in Parkinson’s disease: A review. Cortex
2019, 113, 191-209. [CrossRef] [PubMed]

Baxter, K.K.; Uittenbogaard, M.; Chiaramello, A. The neurogenic basic helix-loop-helix transcription factor NeuroD6 enhances
mitochondrial biogenesis and bioenergetics to confer tolerance of neuronal PC12-NeuroDé cells to the mitochondrial stressor
rotenone. Exp. Cell Res. 2012, 318, 2200—2214. [CrossRef]

Uittenbogaard, M.; Baxter, K.K.; Chiaramello, A. NeuroD6 Genomic Signature Bridging Neuronal Differentiation to Survival via
the Molecular Chaperone Network. J. Neurosci. Res. 2010, 88, 33-54. [CrossRef] [PubMed]

Geddes, J.W.; Hess, E.J.; Hart, R.A.; Kesslak, J.P.; Cotman, C.W.; Wilson, M.C. Lesions of hippocampal circuitry define
synaptosomal-associated protein-25 (SNAP-25) as a novel presynaptic marker. Neuroscience 1990, 38, 515-525. [CrossRef]
Banerjee, A.; Kowalchyk, J.A.; DasGupta, B.R.; Martin, T.F. SNAP-25 Is Required for a Late Postdocking Step in Ca2+—dependent
Exocytosis. J. Biol. Chem. 1996, 271, 20227-20230. [CrossRef]

Yun, HJ,; Park, ].; Ho, D.H.; Kim, H.; Kim, C.H.; Oh, H.; Oh, H; Ga, L; Seo, H.; Chang, S.; et al. LRRK2 phosphorylates Snapin
and inhibits interaction of Snapin with SNAP-25. Exp. Mol. Med. 2013, 45, e36. [CrossRef]

Braak, H.; Tredici, K.D.; Riib, U.; Vos, R.; Steur, E.; Braak, E. Staging of brain pathology related to sporadic Parkinson’s disease.
Neurobiol. Aging 2003, 24, 197-211. [CrossRef]

La, C; Linortner, P,; Bernstein, J.D.; Cruadhlaoich, M.; Poston, K.L. Hippocampal CA1 subfield predicts episodic memory
impairment in Parkinson’s disease. Neuroimage Clin. 2019, 23, 101824. [CrossRef] [PubMed]


http://doi.org/10.1007/BF00232200
http://doi.org/10.1016/j.neuron.2005.05.002
http://doi.org/10.1016/j.neuron.2006.03.036
http://doi.org/10.1038/nature05051
http://doi.org/10.1016/j.pneurobio.2011.04.005
http://doi.org/10.1212/WNL.46.3.678
http://www.ncbi.nlm.nih.gov/pubmed/8618666
http://doi.org/10.1016/S1474-4422(09)70287-X
http://doi.org/10.1007/s00330-019-06043-9
http://www.ncbi.nlm.nih.gov/pubmed/30796577
http://doi.org/10.3389/fnmol.2021.699562
http://doi.org/10.3390/biomedicines9040368
http://doi.org/10.1186/1750-1326-6-85
http://doi.org/10.1146/annurev-neuro-072116-031357
http://doi.org/10.1007/s13238-021-00852-9
http://doi.org/10.2147/NDT.S304062
http://doi.org/10.1186/s11658-020-00243-8
http://www.ncbi.nlm.nih.gov/pubmed/33588752
http://doi.org/10.1093/hmg/ddi178
http://doi.org/10.1038/srep35203
http://www.ncbi.nlm.nih.gov/pubmed/27762319
http://doi.org/10.1016/j.cortex.2018.11.021
http://www.ncbi.nlm.nih.gov/pubmed/30660957
http://doi.org/10.1016/j.yexcr.2012.07.004
http://doi.org/10.1002/jnr.22182
http://www.ncbi.nlm.nih.gov/pubmed/19610105
http://doi.org/10.1016/0306-4522(90)90047-8
http://doi.org/10.1074/jbc.271.34.20227
http://doi.org/10.1038/emm.2013.68
http://doi.org/10.1016/S0197-4580(02)00065-9
http://doi.org/10.1016/j.nicl.2019.101824
http://www.ncbi.nlm.nih.gov/pubmed/31054380

Int. . Mol. Sci. 2023, 24, 1810 14 of 14

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

Mccormack, A.; Keating, D.J.; Chegeni, N.; Colella, A.; Wang, ].].; Chataway, T. Abundance of Synaptic Vesicle-Related Proteins
in Alpha-Synuclein-Containing Protein Inclusions Suggests a Targeted Formation Mechanism. Neurotox Res. 2019, 35, 883-897.
[CrossRef] [PubMed]

Lim, Y.; Kehm, V.M,; Lee, E.B.; Soper, ].H.; Li, C.; Trojanowski, ].Q.; Lee, VM.Y. x-Syn Suppression Reverses Synaptic and Memory
Defects in a Mouse Model of Dementia with Lewy Bodies. J. Neurosci. 2011, 31, 10076-10087. [CrossRef] [PubMed]

Paumier, K.L.; Sukoff Rizzo, S.J.; Berger, Z.; Chen, Y.; Gonzales, C.; Kaftan, E.; Li, L.; Lotarski, S.; Monaghan, M.; Shen, W.; et al.
Behavioral Characterization of A53T Mice Reveals Early and Late Stage Deficits Related to Parkinson’s Disease. PLoS ONE 2013,
8, €70274. [CrossRef] [PubMed]

Price, D.L.; Rockenstein, E.; Ubhi, K.; Phung, V.; MacLean-Lewis, N.; Askay, D.; Cartier, A.; Spencer, B.; Patrick, C.; De-
splats, P.; et al. Alterations in mGluR5 Expression and Signaling in Lewy Body Disease and in Transgenic Models of Alpha-
Synucleinopathy—Implications for Excitotoxicity. PLoS ONE 2010, 5, €14020. [CrossRef]

Edward, R; Silke, N.; Overk, C.R; Kiren, U.; Michael, M.; Christina, P.; Adame, A.; Trejo-Morales, M.; Gerez, ].; Picotti, P.; et al.
Accumulation of oligomer-prone x-synuclein exacerbates synaptic and neuronal degeneration in vivo. Brain 2014, 137 Pt 5,
1496-1513.

Qin, W.; Qin, K.; Zhang, Y.L.; Jia, W.T.; Chen, Y.; Cheng, B.; Peng, L.; Chen, N.; Liu, Y.; Zhou, W.; et al. S-glycosylation-based
cysteine profiling reveals regulation of glycolysis by itaconate. Nat. Chem. Biol. 2019, 15, 983-991. [CrossRef]

Huppertz, I.; Perez-Perri, J.I; Mantas, P.; Sekaran, T.; Schwarzl, T.; Russo, E,; Ferring-Appel, D.; Koskova, Z.; Dimitrova-Paternoga,
L.; Kafkia, E.; et al. Riboregulation of Enolase 1 activity controls glycolysis and embryonic stem cell differentiation. Mol. Cell 2022,
82,2666-2680.e11. [CrossRef]

Ferrer, I.; Martinez, A.; Blanco, R.; Dalf6, E.; Carmona, M. Neuropathology of sporadic Parkinson disease before the appearance
of parkinsonism: Preclinical Parkinson disease. . Neural. Transm. 2011, 118, 821-839. [CrossRef]

Surmeier, D.J.; Guzman, J.N.; Sanchez, J.; Schumacker, P.T. Physiological Phenotype and Vulnerability in Parkinson’s Disease.
Cold Spring Harb. Perspect. Med. 2012, 2, a009290. [CrossRef]

Berridge, M.]. Neuronal calcium signaling. Neuron 1998, 21, 13-26. [CrossRef]

Brini, M.; Cali, T.; Ottolini, D.; Carafoli, E. Neuronal calcium signaling: Function and dysfunction. Cell Mol. Life Sci. 2014, 71,
2787-2814. [CrossRef]

Rodriguez-Nogales, C.; Garbayo, E.; Martinez-Valbuena, L; Sebastian, V.; Luquin, M.R.; Blanco-Prieto, M.J. Development and
characterization of polo-like kinase 2 loaded nanoparticles-A novel strategy for (serine-129) phosphorylation of alpha-synuclein.
Int. . Pharm. 2016, 514, 142-149. [CrossRef]

Krumova, P; Reyniers, L.; Meyer, M.; Lobbestael, E.; Stauffer, D.; Gerrits, B. Chemical genetic approach identifies microtubule
affinity-regulating kinase 1 as a leucine-rich repeat kinase 2 substrate. FASEB ]. 2015, 29, 2980-2992. [CrossRef]

Wheeler, D.; Groth, R.; Ma, H.; Barrett, C.; Owen, S.; Safa, P.; Tsien, R W. Ca(V)1 and Ca(V)2 channels engage distinct modes of
Ca?t signaling to control CREB-dependent gene expression. Cell 2012, 149, 1112-1124. [CrossRef]

Hao, X; Ou, M,; Zhang, D.; Zhao, W.; Zhou, C. The Effects of General Anesthetics on Synaptic Transmission. Curr. Neuropharmacol.
2020, 18, 936-965. [CrossRef]

Jia, E.T,; Shi, H.].; Wang, Y.; Zhou, Y.; Liu, Z.Y.; Pan, M.; Bai, Y.; Zhao, X.; Ge, Q. Optimization of library preparation based on
SMART for ultralow RNA-se in mice brain tissues. BMC Genomics. 2021, 22, 809. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1007/s12640-019-00014-0
http://www.ncbi.nlm.nih.gov/pubmed/30796693
http://doi.org/10.1523/JNEUROSCI.0618-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21734300
http://doi.org/10.1371/journal.pone.0070274
http://www.ncbi.nlm.nih.gov/pubmed/23936403
http://doi.org/10.1371/journal.pone.0014020
http://doi.org/10.1038/s41589-019-0323-5
http://doi.org/10.1016/j.molcel.2022.05.019
http://doi.org/10.1007/s00702-010-0482-8
http://doi.org/10.1101/cshperspect.a009290
http://doi.org/10.1016/S0896-6273(00)80510-3
http://doi.org/10.1007/s00018-013-1550-7
http://doi.org/10.1016/j.ijpharm.2016.06.044
http://doi.org/10.1096/fj.14-262329
http://doi.org/10.1016/j.cell.2012.03.041
http://doi.org/10.2174/1570159X18666200227125854
http://doi.org/10.1186/s12864-021-08132-w

	Introduction 
	Results 
	Single Cell Captured 
	Visualization and Bioinformatics Analysis of Tissue Domains 
	Analysis of Single-Cell Transcriptome Data in Three Hippocampus Subregions 

	Discussion 
	Materials and Methods 
	Animals 
	Single Cell Collection 
	Single-Cell Library Preparation 
	Bioinformatics Analysis 

	Conclusions 
	References

