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Abstract: Neurogenesis is significantly reduced in Alzheimer’s disease (AD) and is a potential
therapeutic target. Contrary to humans, a zebrafish can regenerate its diseased brain, and thus is ideal
for studying neurogenesis. To compare the AD-related molecular pathways between humans and
zebrafish, we compared single cell or nuclear transcriptomic data from a zebrafish amyloid toxicity
model and its controls (N = 12) with the datasets of two human adult brains (N = 10 and N = 48
(Microglia)), and one fetal brain (N = 10). Approximately 95.4% of the human and zebrafish cells
co-clustered. Within each cell type, we identified differentially expressed genes (DEGs), enriched
KEGG pathways, and gene ontology terms. We studied synergistic and non-synergistic DEGs to
point at either common or uniquely altered mechanisms across species. Using the top DEGs, a high
concordance in gene expression changes between species was observed in neuronal clusters. On the
other hand, the molecular pathways affected by AD in zebrafish astroglia differed from humans in
favor of the neurogenic pathways. The integration of zebrafish and human transcriptomes shows that
the zebrafish can be used as a tool to study the cellular response to amyloid proteinopathies. Uniquely
altered pathways in zebrafish could highlight the specific mechanisms underlying neurogenesis,
which are absent in humans, and could serve as potential candidates for therapeutic developments.

Keywords: zebrafish; human; adult brain; fetal brain; telencephalon; Alzheimer’s disease; single cell
RNA sequencing; single nuclear RNA sequencing; astroglia; microglia; neuroregeneration

1. Introduction

Alzheimer’s disease (AD) is the most common neurodegenerative disorder and the
leading form of dementia in humans [1–5]. AD remains incurable. There is an unmet
need for new scientific knowledge and out-of-the-box approaches that can help design
novel therapeutic interventions. Not only a neuronal disease, AD also includes a complex
interplay of multiple cell types, such as immune cells [2,6,7], the neurovascular niche [1,8],
neural stem cells [9,10], astroglia [11,12], and oligodendrocytes [13,14], among others. The
loss of neurons—which is relatively a late symptom of the disease—might be the conse-
quence of the yet-elusive earlier pathological causes and disease-modifying mechanisms
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that remain underexplored. Identifying these causes early enough to revert them may help
to design a robust intervention for mitigating or averting the effects of AD.

Recent findings have shown that neurogenesis is significantly reduced in patients with
AD [15,16]. Blocking adult neurogenesis in an AD mouse model exacerbated neuronal
loss and cognitive impairment, while inducing neurogenesis together with brain-derived
neurotrophic-factor-improved cognition [17]. Impaired neurogenesis in early-stage AD and
MCI (mild cognitive impairment) patients raises the possibility that stimulating the inherent
neurogenesis potential in human brains could be a therapeutic target [16,18,19]. Thus, a
plausible strategy for neurodegenerative diseases could be to induce endogenous cell types
with stem or progenitor cell properties (such as certain subsets of glia) to generate new
cells to replace lost neurons. However, this approach requires a better understanding of
the factors that positively and negatively impact neurogenesis, such as the genetic variants
that may alter the neural stem cell response and neurogenesis.

Animal models that successfully regenerate lost neurons present a new avenue to study
neurogenesis in AD. Zebrafish are a promising option because, unlike mammals, they can
successfully regenerate injured parts of their brains [20–29]. Thus, a better understanding
of the parallels and differences between human cell types and zebrafish cells, with their
neural regeneration capacity and established disease-related models [30,31], can provide
insight into how neurons can regenerate and functionally integrate into the circuitry that
has been dysregulated due to the disease.

The cerebroventricular microinjection of amyloid-beta-42 (Aβ-42), the presence of
which is a hallmark of AD in humans, into an adult zebrafish brain [29,32] successfully
recapitulates the pathological and cellular AD-like changes in humans, including the
aggregation of amyloid peptides, increased inflammation, synaptic degeneration, and cell
death. This is followed by cognitive decline and memory deficits, which are common
AD symptoms [33,34]. However, in contrast to humans [15,16], zebrafish neural stem
cells enhance their proliferation and generate new neurons [9,29] in the presence of these
pathologies. The neurons survive and integrate into the existing circuitry, suggesting
that the zebrafish can be used as a useful experimental model to investigate neuronal
regeneration. The mechanisms identified in zebrafish could be used for clinical applications
in human brains, as exemplified in recent studies that employed zebrafish as a comparative
functional genomics tool for human AD [35,36]. Similarly, the genes associated with AD in
humans can be tested for their functionality in the adult zebrafish brain. Here, we aimed
to uncover the shared mechanisms between our zebrafish model and human AD cohorts
to prioritize genes and pathways underlying AD in both species, as well as the genes and
pathways unique to zebrafish. This animal model could highlight the neuroregenerative
features that are absent in human brains. Here, we developed an analytical pipeline for
comparing molecular transcriptomics datasets in zebrafish and humans, leveraging publicly
available and in-house single cell/nucleus RNA-sequencing data.

2. Results

In this study, we compared different single cell datasets from human and zebrafish
brains in Alzheimer’s disease and toxicity conditions. The main comparisons, conclusions
drawn from the comparisons, corresponding figures, demographics, and a tabular summary
are shown in Figure 1 and Table 1.
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Figure 1. Overall study scheme. Summary of the single cell dataset comparison, conclusions drawn, 
and respective figures. 

Table 1. Demographics of the datasets used in this study. 

 Human Human Human Zebrafish 

Region 
Adult entorhinal cortex (EC) 
and superior frontal gyrus 

(SFG) 

Adult dorsolateral 
prefrontal cortex (DLPFC) 

Embryonic 
telencephalon and 

cortex 

Adult telencephalon 
(pallium and 
subpalium) 

Sequencing type Single nuclear RNA 
sequencing—mix 

Single nuclear RNA 
sequencing—microglia 

Single cell RNA 
sequencing—mix 

Single cell RNA 
sequencing—mix 

Number of 
individuals 

10 48 1st trimester—10 12 

Number of cells 41,578 (EC), 62,086 (SFG) 16,172 microglia nuclei 6665  15,447 

Comparison 
Alzheimer’s disease (Braak 

stage 2 and 6) vs. control 
(Braak stage 0) 

Alzheimer’s disease (Braak 
stage 2 and 6) vs. control 

(Braak stage 0) 

Developmental 
stages 

Amyloid-injected 
versus control 

References [37] [38] [39] [40–42] 

2.1. Integrated Clustering of Zebrafish and Human Cells 
A cross-species genomics comparison is affected by the level of evolutionary 

conservation of orthologous genes. Zebrafish genes contain orthologs to more than 70% 
of the human genes [43], yet humans and zebrafish contains different genes. Therefore, 
using the entire set of genes in an organism for single cell clustering could give different 
results than only using the orthologous genes of the species with which the comparison is 
being made. To determine if our integration approach using orthologous genes would 
alter the clustering fidelity, we performed a transition analysis for clustering results in 
both conditions (entire set of genes per organisms versus orthologous genes only) (Figure 
2). We found that in clustering zebrafish and human cells using all the annotated genes 
vs. clustering using orthologous genes only, the vast majority of the cells remain in the 
same cluster identity (e.g., astroglia remain in astroglia cluster) (89.2% in humans, 86.6% 
in zebrafish) (Figure 2C,F). This proves the reliability of the data integration and the 
subsequent clustering approach. In zebrafish, the major change was the transition from 
excitatory neurons to astrocytes when human orthologous genes were used (26.7% of 
excitatory neurons, 7.1% of all cells; Figure 2C). Additionally, a portion of the zebrafish 
cells in the excitatory neuron cluster also transited into inhibitory neuron clusters when 
human orthologous genes were used (13.0% of excitatory neurons, 3.4% of all cells; Figure 
2C). This major transition could point towards a set of biological mechanisms in zebrafish 
that specify early neuronal progenitors in astroglia stages through specific programs or 
genes that do not have orthologs in humans. Similarly, in humans, when zebrafish 

Figure 1. Overall study scheme. Summary of the single cell dataset comparison, conclusions drawn,
and respective figures.

Table 1. Demographics of the datasets used in this study.

Human Human Human Zebrafish

Region
Adult entorhinal cortex

(EC) and superior
frontal gyrus (SFG)

Adult dorsolateral
prefrontal cortex

(DLPFC)

Embryonic
telencephalon and

cortex

Adult telencephalon
(pallium and
subpalium)

Sequencing type Single nuclear RNA
sequencing—mix

Single nuclear RNA
sequencing—microglia

Single cell RNA
sequencing—mix

Single cell RNA
sequencing—mix

Number of
individuals 10 48 1st trimester—10 12

Number of cells 41,578 (EC), 62,086
(SFG) 16,172 microglia nuclei 6665 15,447

Comparison
Alzheimer’s disease

(Braak stage 2 and 6) vs.
control (Braak stage 0)

Alzheimer’s disease
(Braak stage 2 and 6) vs.
control (Braak stage 0)

Developmental stages Amyloid-injected
versus control

References [37] [38] [39] [40–42]

2.1. Integrated Clustering of Zebrafish and Human Cells

A cross-species genomics comparison is affected by the level of evolutionary conser-
vation of orthologous genes. Zebrafish genes contain orthologs to more than 70% of the
human genes [43], yet humans and zebrafish contains different genes. Therefore, using the
entire set of genes in an organism for single cell clustering could give different results than
only using the orthologous genes of the species with which the comparison is being made.
To determine if our integration approach using orthologous genes would alter the clustering
fidelity, we performed a transition analysis for clustering results in both conditions (entire
set of genes per organisms versus orthologous genes only) (Figure 2). We found that in
clustering zebrafish and human cells using all the annotated genes vs. clustering using or-
thologous genes only, the vast majority of the cells remain in the same cluster identity (e.g.,
astroglia remain in astroglia cluster) (89.2% in humans, 86.6% in zebrafish) (Figure 2C,F).
This proves the reliability of the data integration and the subsequent clustering approach.
In zebrafish, the major change was the transition from excitatory neurons to astrocytes
when human orthologous genes were used (26.7% of excitatory neurons, 7.1% of all cells;
Figure 2C). Additionally, a portion of the zebrafish cells in the excitatory neuron cluster
also transited into inhibitory neuron clusters when human orthologous genes were used
(13.0% of excitatory neurons, 3.4% of all cells; Figure 2C). This major transition could point
towards a set of biological mechanisms in zebrafish that specify early neuronal progenitors
in astroglia stages through specific programs or genes that do not have orthologs in humans.
Similarly, in humans, when zebrafish orthologous genes were used, there was a mutual
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transition between oligodendrocytes and excitatory neurons (5.91% of oligodendrocytes
started to cluster in excitatory neurons, 9.36% of excitatory neurons started clustering in
oligodendrocytes; Figure 2F). This could suggest the presence of multipotent progenitors for
excitatory neurons and oligodendrocytes that might be delineated by different molecular
programs in humans and zebrafish, given that such progenitors were shown before [44–46].
Our comparative integration pathway and transition analyses showed that the majority of
the cell types can be reliably identified by using orthologues genes common to humans and
zebrafish. Minor transitions could delineate the evolutionary divergence in the different
transitory stages of individual cell types, as well as the molecular pathways or genes that
pertain to those physiological identities.
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Figure 2. Transition analysis between cell clusters. (A) tSNE plot showing the main cell types in
zebrafish when all genes annotated in zebrafish are used for clustering. (B) tSNE plot showing the
main cell types in zebrafish when only the genes orthologous to humans are used for clustering.
(C) Transition diagram between (A,B). When human orthologous genes are used, majority of the
cell types remain in their clusters, with slight exception of a subset of oligodendrocytes, excitatory
neurons, and inhibitory neurons that start clustering in astroglia. (D) tSNE plot showing the main cell
types in humans when all genes annotated in humans are used for clustering. (E) tSNE plot showing
the main cell types in humans when only the genes orthologous to zebrafish are used for clustering.
(F) Transition diagram between (D,E). When zebrafish orthologous genes are used, the vast majority
of the cell types remain in their clusters.

Our cross-species integration analyses based on orthologous genes revealed 47 dis-
tinct cell clusters (Figures 3A,B and S1) with distinct marker gene expression patterns
(Figures 3C and S2). We identified four major cell groups by using marker genes (GFAP for
astroglia, SV2 for neurons, OLIG2 for oligodendrocyte progenitors and oligodendrocytes,
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and CD74 for immune cells; Figure 3D,E Supplementary Data S1). Overall, more than 95%
of all cells from human brains and zebrafish telencephalon were successfully grouped into
clusters containing cells from both species. We focused on these composite clusters for our
downstream analyses (Figures 4A and S3). We found that 15 neuronal clusters (45.4% of
all cells), 9 astroglial clusters (18.1% of all cells), 7 OPC/OD clusters (20.7% of all cells), 6
immune clusters (10.2% of all cells), and the endothelial cluster (1.0% of all cells) included
cells from both human and zebrafish (Figure 4B). In contrast, we found two neuronal, three
astroglial, two OPC/OD, and two immune cell clusters that contained only human cells;
together, these nine clusters comprised only 4.6% of the total cells (Figure 4B).
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Figure 3. Integration of single cell transcriptomics data from zebrafish and human brains in AD.
(A) Schematic work pipeline for integration of open-access datasets from [29,37,40–49]. (B) tSNE
plot that co-localizes and clusters human and zebrafish cells. (C) Heat map of the marker genes of
the identified clusters. (D) Exemplary gene expression for cell clusters: GFAP for astroglia, SV2 for
neurons, OLIG2 for oligodendrocytes, and CD74 for immune cells. (E) Colored cell type identification
tSNE for human and zebrafish composite single cell clustering. See Figures S1 and S2 and Data S1.
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Figure 4. Analyses of the composite human–zebrafish single cell clusters. (A) Color-coded breakdown
of the cells on the composite tSNE plot. Green: human cells; red: zebrafish cells. (B) Table showing
the cluster numbers, identities, their co-clustering status in human and zebrafish, and the abundance
of cells in those clusters. 95.4% of all cells on the composite tSNE plot can be co-clustered in
humans and zebrafish. 4.6% of all cells are only in human clusters. (C) GO term enrichment
graphs for the representative endothelial, neuronal, astroglial, immune, and neuronal clusters. See
Figures S3 and S4, Datas S2 and S3.

Next, we determined the molecular functions and biological processes associated with
the genes expressed in these six composite clusters (Figure 4C). The biological processes in
cluster 1 (neurons) include learning, memory, synaptic transmission, learning, and cogni-
tion, and the molecular functions include ion transport, voltage-gated ion channel activity,
and calcium-dependent kinase activity (Supplementary Data S3), which are among the clas-
sical neuronal physiological processes [47–49]. The biological processes enriched in cluster
2 (astroglia) are consistent with the diverse roles of glial cells including differentiation, re-
sponse to injuries, and cell proliferation. Insulin growth factor signaling, epidermal growth
factor signaling, integrin binding, and tyrosine kinase activity are among the molecular
functions enriched in this astroglial cluster (Supplementary Data S3), and they are pro-
cesses known to regulate astroglial activity in vertebrates [11,30,50,51]. For the immune cell
clusters 11 and 18, zebrafish and human clusters are enriched in immune-system-related
processes such as immune response, leukocyte activity, and proinflammatory cytokine
signaling (Figure 4C, Supplementary Data S3). Molecular functions in immune clusters
are also characteristic and include cytokine signaling, migratory behavior, cytoskeletal



Cells 2022, 11, 1807 7 of 20

dynamics, and GCSF responsiveness (Figure 4C) [52,53]. Cluster 24 (endothelia) is enriched
for processes including vasculature development and circulation-related biological pro-
cesses, consistent with general endothelial functions (Figure 4C, Supplementary Data S3).
The marker genes for this cluster are enriched for functions that include collagen binding,
steroid hormone activity, and the leukotriene signaling pathway, which are important
characteristics of endothelia [54,55]. Finally, the OPC/OD cluster-0-enriched marker genes
are involved in nerve fasciculation, myelination, and axon ensheathment, as well as rel-
evant molecular functions such as GPI-linked ephrin signaling, prostaglandin synthesis,
sphingosine signaling, and myelination (Figure 4C, Supplementary Data S3) [13,46,56].
These findings demonstrate that zebrafish and human cells can be reliably integrated using
the methodology we established.

2.2. Differential Expression Analyses between AD and Controls in Zebrafish vs. Human

We then investigated how the molecular response of the adult human and zebrafish
cell clusters compare to each other in AD. For this, we compared the identified cell clusters
from the zebrafish telencephalon, human EC (entorhinal cortex), and human SFG (superior
frontal gyrus) separately, and determined the differentially expressed genes (DEGs) be-
tween the disease and control conditions (Figure 5, Supplementary Data S4). For instance,
cluster 1 (neurons) had 801 differentially expressed genes in zebrafish and 1823 genes in
human EC (Supplementary Data S4). Out of these, 198 genes were common across species
and 117 showed the same directionality (i.e., “synergistic DEG”). Among the synergistic
and non-synergistic DEG genes, we identified few AD-known loci (i.e., genes prioritized by
previous large GWAS and sequencing studies for AD). For instance, MEF2C, a protective
factor against neurodegeneration [57], is among the synergistically upregulated DEGs in
neurons in both organisms (human: logFC = 0.335; p = 0.0067; zebrafish: logFC: 0.297,
p = 0.0421). On the other hand, RBFOX1—an RNA-binding protein found as top signal
that is a recent GWAS for amyloid load in AD and involved in amyloid clearance [58]—is a
non-synergistic DEG. In humans, the expression of RBFOX1 is reduced, while in zebrafish
neurons, it is upregulated, which might imply a more efficient protein clearance response
in zebrafish compared to humans.

To determine the molecular pathways affected in zebrafish and humans after AD, we
performed a KEGG pathway analysis of the DEGs in humans (control vs. AD, EC and
SFG) and zebrafish (amyloid toxicity vs. control) (Figure 5A, Supplementary Data S5), and
categorized the statistically significant pathways according to their presence in both humans
and zebrafish (yellow), only in zebrafish (blue), and only in humans (green) (Figure 5B).
We observed that AD pathways are consistently enriched in the neuronal clusters 1 and
12 in zebrafish and humans. Similarly, we found that the majority of the KEGG pathway
terms for DEGs in zebrafish neuronal clusters 1 and 12 are also present in the human brain
(Figure 5B). These included ribosomes, phagosome, protein processing in the endoplasmic
reticulum, oxidative phosphorylation, and long-term potentiation, which are all implicated
in AD [59–62]. However, when we compared the astroglial cluster (cluster 4), the synergistic
KEGG pathway representation in the neuronal clusters changed dramatically. In astroglia,
we observed more species-specific pathways (Figure 4B). The common pathways affected
in zebrafish and human astroglia include oxidative phosphorylation and AD. Zebrafish
showed changes in pathways such as JAK-STAT signaling, cytokine-signaling retinol
metabolism, steroid signaling, fatty acid degradation, DNA replication, arachidonic acid
metabolism, and Notch signaling, while humans showed ribosome, axon guidance, and
proteolysis-related terms (Figure 5B, Supplementary Data S5).
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Braak Stage 6 and 0, and zebrafish cell clusters were compared between amyloid-beta-42 injection
versus controls. The common KEGG pathways for differentially expressed genes are shown in yellow,
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and zebrafish respond to AD in a highly similar fashion in terms of altered KEGG pathways (B),
while astroglia have more species-specific responses than common (C). See Datas S4 and S5.

2.3. Comparison of Microglia between Zebrafish and Humans

We clustered the live microglia single cell sequencing from human AD patients
(Figure 6A) [38] and identified eight microglial clusters (Figure 6B, cluster numbers do
not relate to previous figures). A marker gene analysis showed that 87% of the human
microglial markers (3579 genes identified by Seurat analyses, Supplementary Data S6)
are common to zebrafish microglia [40,41] (Supplementary Data S7, Figure 6C), while
35% of the common markers are in human microglial cluster 7 (Figure 6C). When clus-
tered separately, zebrafish single cell sequencing identified major cell types—neurons,
astroglia, oligodendrocytes, microglia, and other immune cells—falling in multiple clusters
(Figure 6D). The microglial cell population in zebrafish expresses various cytokines and
receptors that are associated with microglial physiology (Figure 6E), suggesting a functional
parallelism in human and zebrafish microglia.
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Figure 6. Comparison of human and zebrafish microglia. (A) Schematic representation of the analysis
pipeline. Open access datasets from [38,40,41] (B) Clustering of the human microglia single cell
sequencing data. (C) Comparison of the number of marker genes in microglial clusters, pie charts
for the percentage of common marker genes of zebrafish microglia and human microglia, and the
distribution of the common genes to individual human microglial clusters. (D) Clustering of zebrafish
single cell sequencing dataset, both alone and color-coded tSNE plots for cell types. (E) Zebrafish
immune cell clusters and representative gene expressions. (F) Differentially expressed gene analyses
in zebrafish microglia and human microglia in AD. (G) Representative graphs of the biological
process and molecular functions of the differentially expressed genes in zebrafish microglia in the
AD model. (H) Clustering of human microglia dataset [38] from Alzheimer’s disease versus Mild
cognitive impairment patients and differentially expressed gene numbers. (I) Representative GO
terms and KEGG pathways that are common in human and zebrafish microglia. (J) Comparison of
the top five common differentially expressed genes in zebrafish [40,41] and human microglia [38] in
AD. See Datas S6–S11.

When we compared the amyloid-injected brains to the controls in zebrafish, we iden-
tified 353 DEGs in the microglial cell population (Figure 6F, Supplementary Data S8).
A GO term analysis of the DEGs in zebrafish microglia upon AD found that a diverse
range of the immune-system-related biological processes are enriched (Figure 6F, Sup-
plementary Data S9). The molecular functions of the DEGs in zebrafish included energy
metabolism, MHC protein binding, and chemokine signaling (Figure 6G). To determine
the DEGs in human microglia in AD versus the MCI stage, we compared the identified
microglial cell clusters and found 128 DEGs in total (Figure 6H, Supplementary Data S10).
Of the human microglia, 43% of the DEGs were found in cluster 7 (Figure 6D, Supple-
mentary Data S11). A comparison of the GO term and KEGG pathway analysis in human
and zebrafish microglia showed common processes and pathways such as MHC protein
binding, iron homeostasis, lysosomal processes, energy metabolism, and leukocyte-related
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processes (Figure 6I), indicating that the microglial responses to AD in zebrafish and
humans are parallel for particular molecular pathways and genes (Figure 6J).

2.4. Comparison of Astroglial Clusters in Human and Zebrafish Brain in AD

The astroglial response to AD could have a profound association with the neuro-
genic outcome. Therefore, we investigated the differentially expressed genes (DEGs) in
astrocyte clusters in zebrafish (amyloid vs. control) and human (entorhinal cortex, Braak
stages 6 vs. 0) (cluster 2 and cluster 4 in Figures 1–3) to determine the common DEGs.
We found 64 genes that were common in the DEG lists of human and zebrafish astroglia:
21 genes showed a synergistic differential expression pattern in both organisms, while
43 genes were non-synergistically changed (Figure 7A, Supplementary Data S12). The
synergistic DEGs yielded in GO term enrichment were related to protein quality control,
neural stem cell activity, immunity-related pathways, and toxicity response (Figure 7B).
The non-synergistic DEGs showed enrichment for pathways related to neurotransmitter
release, RNA processing, neurogenesis, and immune-related pathways such as interleukin
signaling (Figure 7B).
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Figure 7. Comparison of differentially expressed genes in the human and zebrafish astroglia clusters.
(A) Chart indicating the genes that are differentially expressed in astroglial clusters 2 and 4 in
zebrafish (telencephalon, amyloid toxicity versus control) and human brains (entorhinal cortex, Braak
stage 6 versus 0) when these clusters are compared within. The x-axis shows the log-fold changes
for zebrafish astroglia and the y-axis denotes the log-fold changes in human astroglia. Duplicate
gene names indicate their appearance in both astroglial clusters. The gene names are distributed
sterically on the graph. (B) Selected GO terms for synergistically and non-synergistically differentially
expressed genes in all astroglial clusters, combined. See Datas S4, S5 and S12.
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2.5. Developing Human Brain versus Zebrafish

Neurogenesis in humans is reduced with aging [15,18,63–66], and this reduction could
be due to the reduction in the neurogenic programs of the astroglial cells. If so, devel-
oping human brains and zebrafish brains should have astroglia co-clusters that would
bear neurogenic markers. To test whether developing human brains could have astroglial
clusters that resemble a more neurogenic state than adult human brains, we used a hu-
man brain single cell study from gestation week 18 of the fetal human hippocampus [39]
(Figure S4). Here, we identified 25 cell clusters that contained 4 major cell types including
neurons, astroglia, immune cells, and oligodendrocytes (Figure S4). Additionally, when a
human fetal brain was compared to an adult zebrafish brain, we found a neural progenitor
subcluster within the human astroglial cells (cluster 8, Figure S4) which expressed the
progenitor marker TOP2 and proliferation marker MKI67 [67]. This cluster is not present
in an adult human entorhinal cortex dataset [37] (Figure S5), despite the presence of the
hippocampal neural stem/progenitor cells (the presence of GFAP/SOX2/NES/ASCL1-
positive cells, Figure S5), and it indicates the gradual loss of neurogenic ability in human
brains with aging. Furthermore, this clustering also suggests that the zebrafish brain
might reflect the neurogenic potential of the embryonic human brain. This is particu-
larly interesting because neurogenesis diminishes with both advancing age and AD in
humans [9,16,18,19,68].

3. Discussion

We compared zebrafish and human brain gene expression at a single cell resolution
and identified synergistic and non-synergistic DEGs and pathways. The former points at
a common cellular response to AD pathology that can be utilized to investigate disease-
associated cellular mechanisms. On the contrary, the non-synergistic DEGs and pathways
highlight the different responses between zebrafish and human brains to AD pathology,
such as pathways induced or suppressed by zebrafish that are required for successful
neuroregeneration upon AD. Since human brains cannot elicit neural regeneration after AD,
further investigation of non-synergistically differentially expressed genes and pathways
could shed more light into the mechanisms uniquely activated by zebrafish, ultimately
highlighting potential candidates for inducing neurogenic response in human brains.

Our cross-species single cell transcriptomics comparison highlighted the pathways
that are uniquely altered in zebrafish. Astroglial proliferation and neurogenic ability are
affected by fatty acid degradation [69], and in zebrafish, the constitutively neurogenic glial
cells have an active fatty acid metabolism [70,71]. Retinoic acid is related to the neuronal
differentiation capacity of neural stem cells [72], and in zebrafish, retinoic acid signaling is
associated with neurogenic outcome [73,74]. Notch signaling is an important determinant of
neurogenesis in vertebrate brains [31] and is related to glial cell proliferation [30,75]. Arachi-
donic acid and its derivatives are among the key regulators of the immune system [76].
Arachidonic acid derivatives and other immune regulators are regulators of the neurogenic
outcome and neuroregeneration in zebrafish [25,26,29,40,77]. These pathways are impor-
tant regulators of neurogenesis and neural regeneration in the zebrafish AD model and
can elicit neural regeneration in mammalian neural stem cells in a context-dependent man-
ner [19–21,29,30,40,41,78–80]. Previous findings that the neural regeneration is prevalent in
the zebrafish brain after AD, but not in human brains [16,18,19,29,40,77,81,82], suggest that
the zebrafish could act as a clinically relevant animal model to understand how vertebrate
brains could elicit neuro-regeneration in AD.

Ubiquitin-mediated proteolysis and axon guidance were pathways uniquely altered in
the human brains within the astroglial clusters (Figure 4C). The defects in proteolysis and
the inability of axons to re-grow and establish new connections are pathological hallmarks
of AD [4,83–88]. Endothelial cells are critical regulators of the neurovascular unit, together
with the astroglia [1,87], and we found that these two cell types may have specific reactions
to AD between zebrafish and humans, whereas neurons show similar responses (Figure 5B).
Ultimately, we hypothesize that the zebrafish AD model might manifest a neuropathological
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response in neurons similar to that of human brains, while the response in other cell types
(such as astroglia and neurovascular unit) have their own peculiarities. This could be
one of the underlying reasons for the differential neuroregenerative capacities between
humans and zebrafish. A plausible hypothesis we are pursuing is to learn how zebrafish
can generate new neurons upon AD and maintain brain homeostasis [19,30,41,77,89,90].

In our comparison of single cell astroglial clusters (Figure 7, Supplementary Data S12),
many neurogenesis-related genes were enriched. For instance, the diseased astrocytes in
humans and zebrafish synergistically reduced SLC1A3, which is an amino acid transporter
for glutamate uptake, contributing to the ion sink mechanism of astroglia and marking a
transitory state to neurogenic lineage [91]. Similarly, the heat shock proteins HSPB1, HSPA8,
and HSP90AA1, which belong to a family of proteins that regulate neurogenic outcome [92],
are also upregulated in both organisms. NPAS4, a neuroprotective protein [93], is synergis-
tically downregulated in human and zebrafish astroglia, potentially indicating a reacting
state to the amyloid toxicity. Similarly, UBB, which is involved in abnormal toxic protein
removal and protein quality control [94], is upregulated in both organisms. These results
suggest that AD pathology initiates a protein clearance mechanism in both humans and
zebrafish astrocytes.

On the other hand, astroglia in both organisms displayed non-synergistic gene ex-
pression changes in several genes related to neurogenesis. Among the top differentially
expressed genes (Figure 7A), we found that PTGDS, a mediator of the anti-inflammatory ef-
fects of astroglia [95], is significantly upregulated in zebrafish (logFC = 0.602, p = 0.0311) but
downregulated in humans (logFC = −1.527, p = 0.0012). Since inflammation reduces neuro-
genic ability and increases gliogenic outcome [96], differential PTGDS function could con-
tribute to the neurogenic outcome. Similarly, FOSB, which is required for adult neurogene-
sis in rodents [97], is downregulated in human astroglia in AD (logFC = −1.199, p = 0.0027)
but upregulated in zebrafish (logFC = 0.871, p = 1.17 × 10−8). We found other genes, such
as ADD3, which negatively affects the neurogenic progenitor fate [98]; CST3, the upregu-
lation of which compromises the survival of neurons [99]; and EWSR1, a gene involved
in the regulation of neural differentiation [100], are upregulated in humans (logFC= 0.259,
p = 1.55 × 10−16; logFC = 0.251, p = 0.0001; and logFC = 0.770, p = 0.0397, respectively)
and downregulated in zebrafish astroglia (logFC = −2.524, p = 0.0073; logFC = −2.203,
p = 5.34 × 10−75; and logFC = 0.300, p = 0.0009, respectively). The GO term analyses
of synergistically and non-synergistically expressed genes also verified these findings,
as synergistic genes enriched pathways related to toxic protein response and glial cell
differentiation pathways, while non-synergistic genes enriched the processes related to
neurogenesis, neurotransmitter release, or RNA processing (Figure 7B). LRIG1 was recently
identified in an AD GWAS of east Asian ancestry [101], and the gene encodes a trans-
membrane protein that controls the extent of the epidermal growth factor signaling by
suppressing the EGF receptor (EGFR) availability [102]. EGF signaling is important for
astroglial activation and priming for neurogenesis [50], and therefore upregulation of LRIG1
in human AD (logFC = 0.882, p = 0.0087) and downregulation in zebrafish (logFC = −0.353,
p = 4.1 × 10−6) can point towards a differential neurogenesis response in humans and
zebrafish. This hypothesis is supported by a study where bulk RNA sequencing was
performed in the human entorhinal cortex by comparing symptomatic AD patients with
individuals that bore the pathological hallmarks of AD, but not the clinical manifestation
of dementia [103]. Here, LRIG1 was found to be significantly upregulated in symptomatic
AD vs. non-symptomatic AD patients, suggesting that neurogenic outcome in these in-
dividuals could offset the clinical manifestation of dementia. Therefore, our pipeline for
cross-species DEG analyses can give unprecedented insights into the functional validation
of AD GWAS/TWAS datasets for neurogenesis-related aspects. Our findings suggest that
zebrafish can turn on genetic programs that lead to neurogenesis after AD-related pathol-
ogy, while humans cannot. Our comparative genomic analyses could help to understand
which molecular programs differ between regenerative and non-regenerative vertebrate
brains, whether there are critical genes that can act as roadblocks to neuroregenerative
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ability in humans, and whether this understanding could lead to a therapeutic intervention
for enhancing the resilience of human brains in AD.

Besides its strengths, our study has limitations. One limitation we observed is the
power of the sequencing. Although zebrafish and human cells can be integrated on a
tSNE plot, the clusters where we found common marker genes (Supplementary Data S1)
correspond to 62.3% of all cells. Therefore, increasing the depth of sequencing will populate
the identified clusters with more cells and will help determine more marker genes in
all clusters. Despite this limitation, we identified common processes that are altered
upon AD in both organisms. Additionally, the publicly available and in-house single
cell datasets from zebrafish are limited in number. This reduces the power for a more
comprehensive comparison between zebrafish and human. The genomic annotations
for humans and zebrafish in the databases are continuously updated, and every release
version adds or removes certain annotations. A raw dataset annotated by using a particular
genome release may not contain all the gene identifiers in another dataset that uses an
older release. Therefore, the number of orthologous genes between species varies. The
number of orthologs we used in this study was 14,133 out of approximately 61,000 gene
identifiers from human and 16,908 out of approximately 35,000 gene identifiers from
zebrafish. We determined that integration and clustering zebrafish and human single
cell datasets by using all genes in these species or only orthologous genes does not affect
the clustering of the main cell types into their respective cell clusters (Figure 2). Further
analyses, using machine learning and non-overlapping marker genes to identify the same
cell types between humans and zebrafish, may overcome the effects of variable orthologous
gene identification across platforms and datasets.

4. Methods
4.1. Single Cell Transcriptomics Data

We used single cell transcriptome data from zebrafish telencephalon and the entorhinal
cortex or superior frontal gyrus of human brains and human fetus datasets. Five datasets
were downloaded from the Gene Expression Omnibus repository and used in the current
study: human brain datasets GSE147528 [37] and microglia datasets [38], and the zebrafish
datasets GSE118577 [41], GSE124162 [40], GSE161834 [42], and GSE186874. See Table 1.

4.2. Single Cell Data Analyses Using All Genes

The raw datasets for human superior frontal gyrus (SFG) and entorhinal cortex (EC)
samples were downloaded from the Gene Expression Omnibus repository under the
following GEO ID: GSE147528 [37]. The cells were filtered out by using DropletUtils,
using 10,000 iterations and an FDR of <0.01. The cells that were used in [37] were chosen,
and cells with less 200 total counts (or nCount_RNA) were removed from the analyses.
Additionally, genes expressed in less than five cells were removed from the analyses. In
total, 2472 were removed as they did not pass the above thresholds. The remaining cells
from all samples were used for further analyses using Seurat V3.1.5 [104]. Each dataset was
converted to a Seurat object, normalized, and the top 2000 variable genes were identified.
The data were scaled using all genes, the nCount_RNA mitochondrial genes percentages
were regressed out, and, finally, 30 PCAs (RunPCA) were identified. To integrate the
datasets, the top 2000 variable genes from each dataset were used. After finding anchors
(FindIntegrationAnchors), the datasets were integrated (IntegrateData). The data were
scaled to 10,000 and the nCount_RNA mitochondrial genes percentages were regressed out.
Then, the top 30 PCAs were calculated, and the clusters were identified using a resolution
of 0.5. In total, 26 clusters (numbered from 0 to 25) were identified. We used the same
settings above to perform clustering for the zebrafish datasets.

4.3. Main Cell Types

Following cell clustering, heat maps were generated. Cell types were inferred based
on the characteristic gene expression patterns. For human datasets, the main cell types
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were identified by using the following markers (based on [37]): GFAP, SLC1A2, and AQP4
(astroglia), and MBP and MOG (oligodendrocytes or OD), PDGFRA and SOX10 (oligonden-
drocyte precursors or OPC), CD74 and CX3CR1 (microglia), SLC17A7 and CAMK2A (exci-
tatory neurons, or ExctN), GAD1 and GAD2 (inhibitory neurons or InhN), and CLND5 and
FLT1 (endothelial cells or EndoCells). Cluster 22 was named as CLS22. For the zebrafish
datasets, we used the markers based on [41]: fabp7a and her4.1 (astroglia); sv2a (neurons);
aplnra/b (oligodendrocytes); gad1 and gad2 (inhibitory neurons); neurod1, neurod2, and nell2b
(excitatory neurons); lck1 and cd74a/b (microglia); and wasb and lyve1b (immune cells).

4.4. Outcomes

For the single cell transcriptomics (scRNA) sequencing data, we operated two types of
comparisons: brains in Braak = 6 vs. Braak < = 2 to identify AD cases and non-AD controls.
In subsequent, and more conservative, secondary analyses, we restricted the samples to
Braak = 6 vs. Braak = 0. In zebrafish, we compared amyloid-toxicity-induced Alzheimer’s
disease to the control.

4.5. Orthologous Genes

The orthologous genes between human and zebrafish were retrieved from https://
www.ensembl.org/index.html (accessed on 1 March 2022). In total, 14,133 (out of 14,825
including genes with 0 counts) genes from humans and 16,908 (out of 17,373 including
genes with 0 counts) genes from zebrafish had one-to-one or one-to-many orthologous
genes. We created artificial gene names combining human and zebrafish orthologue genes,
which was a total of 20,993 genes. Then, a new matrix from the human and zebrafish
datasets was generated using the orthologous genes. The new matrix contained duplicated
genes because of the one-to-many orthologues.

4.6. Single Cell Data Analyses
4.6.1. Preprocessing of the EC/SFG Datasets

The raw datasets were downloaded from GEO under the following accession number:
GSE147528. The h5 files were converted to matrix/genes/features files using sp_sparse/sparse
from the scipy Python3 library. The cells were filtered out by using DropletUtils and using
10,000 iterations and an FDR of <0.01. We selected cells that had been used in [37] and
further removed cells with less than 200 transcripts. The primary human [105] datasets were
downloaded from https://organoidreportcard.cells.ucsc.edu (accessed on 7 October 2021).

4.6.2. Integrating all Cells from the Zebrafish Telencephalon, Human EC/SFG, and Human
Fetal Samples

After generating a new matrix based on the orthologue genes, each dataset from each
sample was converted to a Seurat object (Seurat V4.0.5), the data were normalized (Seu-
rat::NormalizeData), and the top 2000 variable genes were identified (Seurat::FindVariableFeatures).
The data were scaled to 10,000 and the nCount_RNA was regressed out (Seurat::ScaleData).
The top 30 PCAs were used for dimensional reduction and identifying the clusters with
a resolution = 1. Then, the 2000 anchors were used to integrate all Seurat objects created
above: (i) by finding the integration anchors (Seurat::FindIntegrationAnchors), (ii) by inte-
grating the objects (Seurat::IntegrateData), (iii) using all.genes to scale the data and regress
out the nCount_RNA, and (iv) calculating the top 30 PCAs and using them for dimensional
reduction and identifying cell clusters by using a resolution of 0.5 and 1. We used the same
options above to integrate: (i) EC/SFG datasets with zebrafish datasets, (ii) fetal hippocam-
pal datasets with zebrafish datasets, and (iii) microglia datasets from EC/SFG [37] and
DLPFC [38] with zebrafish microglia datasets. For the latter, we only used top 500 variable
genes/integration anchors and the top 20 PCAs.

https://www.ensembl.org/index.html
https://www.ensembl.org/index.html
https://organoidreportcard.cells.ucsc.edu
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4.6.3. Marker Genes Analyses

We first identified the marker genes using the “Seurat::FindAllMarkers” function with
the option only.pos = T. Then, we generated heatmaps/dotplots from the top 20 marker
genes for each cell cluster. To identify the main cell types between the EC/SFG and zebrafish
cells: (i) we used the marker genes used by [37], i.e., GFAP and AQP4 for astrocytes,
MBP/MOB for oligodendrocytes, PDGFRA for oligodendrocytes progenitor cells, CLDN5
for endothelial cells, GAD1/GAD2 for inhibitory neurons, and SLC7A7/CAMK2A for
excitatory neurons; and (ii) we used the previously identified marker genes in [41] for
zebrafish cell types, fabp7a for progenitor cells (PC), sv2a for neuronal cells (NN), aplnra/b
for OPC/OD, and cd74a/b for immune cells. We also use the markers from zebrafish for
human cells and the markers from human to zebrafish.

4.6.4. The Effect of Orthologous Genes on Each Dataset

To verify if using orthologues had a dramatic effect on the main cell types and cluster-
ing in comparison to using all annotated genes in humans and zebrafish, we used the data
matrices generated from the 20,993 artificial genes created from orthologues as described
above. We used the same options/pipelines that were used to integrate the human and
zebrafish datasets using Seurat (as explained above).

4.6.5. Differentially Expressed Genes and GO Term Analyses

To identify the differentially expressed genes, we used the Seurat::FindMarkers function
and compared every sample to its corresponding control for every cluster (e.g., the AD
Braak Stage 6 cluster 0 to the control patients (Braak Stage 0 or Braak Stage 2) for cluster 0.)
We performed GO and KEGG pathway analyses using GOstats as described previously [41].

4.6.6. Comparing Human Microglia and Zebrafish Microglia

To compare zebrafish and human microglia, we analyzed each dataset separately.
In brief, a Seurat object was generated for each dataset, the data were normalized with
NormalizeData, and 500 variable genes were identified. The data were scaled and the
nCount_RNA was regressed out. The first 20 PCAs were determined, clusters were identi-
fied using a resolution of 1, and the UMAP was calculated for 2D visualization. To integrate
the datasets, we used the above Seurat objects. For integration, 500 anchor features and
20 PCAs were used to identify the anchors. Data scaling, cluster identification, and UMAP
detection were performed as above. To identify the DEGs in the microglia dataset, we
compared the AD cases with the controls for every cluster. Enrichment analyses was
performed by using GOstats.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cells11111807/s1, Figure S1: tSNE plot for integrated zebrafish and human
single cell transcriptomics; Figure S2: heat map for identified clusters after integrating zebrafish and
human single cell transcriptomics; Figure S3: tSNE plot for integrated zebrafish and human single
cell transcriptomics showing zebrafish and human cells in color codes; Figure S4: Integration of single
cell transcriptomics data from human fetal hippocampus and adult zebrafish brain; Figure S5: tSNE
plots for the genes related to the hippocampal neurogenic glial populations; Data S1: Individual tSNE
plots for genes used to define cell types in integrated zebrafish and human single cell transcriptomics;
Data S2: Marker genes identified for human and zebrafish clusters; Data S3: GO-term analyses of
the common marker genes identified for human and zebrafish co-clusters; Data S4: Differentially
expressed genes in identified human and zebrafish co-clusters; Data S5: GO-term analyses on
differentially expressed genes in human and zebrafish co-clusters; Data S6: Immune cell markers for
identified human microglial clusters; Data S7: Genes expressed in zebrafish immune cells; Data S8:
Differentially expressed genes in zebrafish microglial after amyloid toxicity compared to controls;
Data S9: GO-term analyses on differentially expressed genes in zebrafish microglial after amyloid
toxicity; Data S10: Differentially expressed genes in human microglial in AD compared to controls;
Data S11: GO-term analyses on differentially expressed genes in human microglial after AD; Data S12:
Common differentially expressed genes in astroglia of zebrafish brain and human entorhinal cortex.

https://www.mdpi.com/article/10.3390/cells11111807/s1
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Cells 2022, 11, 1807 16 of 20

Author Contributions: Conceptualization, M.I.C., G.T. and C.K.; formal analysis, M.I.C., P.B., G.T.
and C.K.; funding acquisition, C.K.; investigation, M.I.C., P.B., G.T. and C.K.; methodology, M.I.C.,
G.T. and C.K.; project administration, G.T. and C.K.; resources, P.L.D.J., V.M., G.T. and C.K.; writing—
original draft, M.I.C., P.B., P.L.D.J., V.M., G.T. and C.K.; writing—review and editing, M.I.C., P.L.D.J.,
V.M., G.T. and C.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: This work was supported by the German Center for Neurodegenerative Diseases
(DZNE) and the Schaefer Research Scholars Award from the Taub Institute, Columbia University.

Conflicts of Interest: C.K. has an executive function in Neuron-D GmbH, which had no financial
relationship to or influence on this study.

References
1. De Strooper, B.; Karran, E. The Cellular Phase of Alzheimer’s Disease. Cell 2016, 164, 603–615. [CrossRef]
2. Heneka, M.T.; Carson, M.J.; El Khoury, J.; Landreth, G.E.; Brosseron, F.; Feinstein, D.L.; Jacobs, A.H.; Wyss-Coray, T.; Vitorica, J.;

Ransohoff, R.M.; et al. Neuroinflammation in Alzheimer’s disease. Lancet Neurol. 2015, 14, 388–405. [CrossRef]
3. Selkoe, D.J. Folding proteins in fatal ways. Nature 2003, 426, 900–904. [CrossRef]
4. Selkoe, D.J. Alzheimer’s disease is a synaptic failure. Science 2002, 298, 789–791. [CrossRef]
5. Selkoe, D.J. Alzheimer’s disease: Genes, proteins, and therapy. Physiol. Rev. 2001, 81, 741–766. [CrossRef]
6. Heppner, F.L.; Ransohoff, R.M.; Becher, B. Immune attack: The role of inflammation in Alzheimer disease. Nat. Rev. Neurosci.

2015, 16, 358–372. [CrossRef]
7. Amor, S.; Puentes, F.; Baker, D.; van der Valk, P. Inflammation in neurodegenerative diseases. Immunology 2010, 129, 154–169.

[CrossRef]
8. Kirkitadze, M.D.; Bitan, G.; Teplow, D.B. Paradigm shifts in Alzheimer’s disease and other neurodegenerative disorders: The

emerging role of oligomeric assemblies. J. Neurosci. Res. 2002, 69, 567–577. [CrossRef]
9. Tincer, G.; Mashkaryan, V.; Bhattarai, P.; Kizil, C. Neural stem/progenitor cells in Alzheimer’s disease. Yale J. Biol. Med. 2016, 89,

23–35.
10. Tong, L.M.; Fong, H.; Huang, Y. Stem cell therapy for Alzheimer’s disease and related disorders: Current status and future

perspectives. Exp. Mol. Med. 2015, 47, e151. [CrossRef]
11. Lian, H.; Zheng, H. Signaling pathways regulating neuron-glia interaction and their implications in Alzheimer’s disease.

J. Neurochem. 2016, 136, 475–491. [CrossRef] [PubMed]
12. Attems, J.; Jellinger, K.A. The overlap between vascular disease and Alzheimer’s disease–lessons from pathology. BMC Med.

2014, 12, 206. [CrossRef] [PubMed]
13. Ettle, B.; Schlachetzki, J.C.M.; Winkler, J. Oligodendroglia and Myelin in Neurodegenerative Diseases: More Than Just Bystanders?

Mol. Neurobiol. 2016, 53, 3046–3062. [CrossRef] [PubMed]
14. Bartzokis, G. Alzheimer’s disease as homeostatic responses to age-related myelin breakdown. Neurobiol. Aging 2011, 32, 1341–1371.

[CrossRef] [PubMed]
15. Tobin, M.K.; Musaraca, K.; Disouky, A.; Shetti, A.; Bheri, A.; Honer, W.G.; Kim, N.; Dawe, R.J.; Bennett, D.A.; Arfanakis, K.;

et al. Human Hippocampal Neurogenesis Persists in Aged Adults and Alzheimer’s Disease Patients. Cell Stem Cell 2019, 24,
974–982.e973. [CrossRef]

16. Moreno-Jimenez, E.P.; Flor-Garcia, M.; Terreros-Roncal, J.; Rabano, A.; Cafini, F.; Pallas-Bazarra, N.; Avila, J.; Llorens-Martin, M.
Adult hippocampal neurogenesis is abundant in neurologically healthy subjects and drops sharply in patients with Alzheimer’s
disease. Nat. Med. 2019, 25, 554–560. [CrossRef]

17. Choi, S.H.; Bylykbashi, E.; Chatila, Z.K.; Lee, S.W.; Pulli, B.; Clemenson, G.D.; Kim, E.; Rompala, A.; Oram, M.K.; Asselin, C.;
et al. Combined adult neurogenesis and BDNF mimic exercise effects on cognition in an Alzheimer’s mouse model. Science 2018,
361, eaan8821. [CrossRef]

18. Choi, S.H.; Tanzi, R.E. Is Alzheimer’s Disease a Neurogenesis Disorder? Cell Stem Cell 2019, 25, 7–8. [CrossRef]
19. Kizil, C.; Bhattarai, P. Is Alzheimer’s Also a Stem Cell Disease?-The Zebrafish Perspective. Front. Cell Dev. Biol. 2018, 6, 159.

[CrossRef]
20. Kizil, C. Mechanisms of Pathology-Induced Neural Stem Cell Plasticity and Neural Regeneration in Adult Zebrafish Brain. Curr.

Pathobiol. Rep. 2018, 6, 71–77. [CrossRef]
21. Cosacak, M.I.; Papadimitriou, C.; Kizil, C. Regeneration, Plasticity, and Induced Molecular Programs in Adult Zebrafish Brain.

BioMed Res. Int. 2015, 2015, 769763. [CrossRef] [PubMed]
22. Kishimoto, N.; Shimizu, K.; Sawamoto, K. Neuronal regeneration in a zebrafish model of adult brain injury. Dis. Models Mech.

2012, 5, 200–209. [CrossRef] [PubMed]

http://doi.org/10.1016/j.cell.2015.12.056
http://doi.org/10.1016/S1474-4422(15)70016-5
http://doi.org/10.1038/nature02264
http://doi.org/10.1126/science.1074069
http://doi.org/10.1152/physrev.2001.81.2.741
http://doi.org/10.1038/nrn3880
http://doi.org/10.1111/j.1365-2567.2009.03225.x
http://doi.org/10.1002/jnr.10328
http://doi.org/10.1038/emm.2014.124
http://doi.org/10.1111/jnc.13424
http://www.ncbi.nlm.nih.gov/pubmed/26546579
http://doi.org/10.1186/s12916-014-0206-2
http://www.ncbi.nlm.nih.gov/pubmed/25385447
http://doi.org/10.1007/s12035-015-9205-3
http://www.ncbi.nlm.nih.gov/pubmed/25966971
http://doi.org/10.1016/j.neurobiolaging.2009.08.007
http://www.ncbi.nlm.nih.gov/pubmed/19775776
http://doi.org/10.1016/j.stem.2019.05.003
http://doi.org/10.1038/s41591-019-0375-9
http://doi.org/10.1126/science.aan8821
http://doi.org/10.1016/j.stem.2019.06.001
http://doi.org/10.3389/fcell.2018.00159
http://doi.org/10.1007/s40139-018-0158-x
http://doi.org/10.1155/2015/769763
http://www.ncbi.nlm.nih.gov/pubmed/26417601
http://doi.org/10.1242/dmm.007336
http://www.ncbi.nlm.nih.gov/pubmed/22028327


Cells 2022, 11, 1807 17 of 20

23. Kizil, C.; Dudczig, S.; Kyritsis, N.; Machate, A.; Blaesche, J.; Kroehne, V.; Brand, M. The chemokine receptor cxcr5 regulates the
regenerative neurogenesis response in the adult zebrafish brain. Neural Dev. 2012, 7, 27. [CrossRef] [PubMed]

24. Kizil, C.; Kaslin, J.; Kroehne, V.; Brand, M. Adult neurogenesis and brain regeneration in zebrafish. Dev. Neurobiol. 2012, 72,
429–461. [CrossRef]

25. Kizil, C.; Kyritsis, N.; Dudczig, S.; Kroehne, V.; Freudenreich, D.; Kaslin, J.; Brand, M. Regenerative neurogenesis from neural
progenitor cells requires injury-induced expression of Gata3. Dev. Cell 2012, 23, 1230–1237. [CrossRef]

26. Kyritsis, N.; Kizil, C.; Zocher, S.; Kroehne, V.; Kaslin, J.; Freudenreich, D.; Iltzsche, A.; Brand, M. Acute inflammation initiates the
regenerative response in the adult zebrafish brain. Science 2012, 338, 1353–1356. [CrossRef]

27. Marz, M.; Schmidt, R.; Rastegar, S.; Strahle, U. Regenerative response following stab injury in the adult zebrafish telencephalon.
Dev. Dyn. 2012, 240, 2221–2231. [CrossRef]

28. Baumgart, E.V.; Barbosa, J.S.; Bally-Cuif, L.; Gotz, M.; Ninkovic, J. Stab wound injury of the zebrafish telencephalon: A model for
comparative analysis of reactive gliosis. Glia 2012, 60, 343–357. [CrossRef]

29. Bhattarai, P.; Thomas, A.K.; Papadimitriou, C.; Cosacak, M.I.; Mashkaryan, V.; Froc, C.; Kurth, T.; Dahl, A.; Zhang, Y.; Kizil, C.
IL4/STAT6 signaling activates neural stem cell proliferation and neurogenesis upon Amyloid-β42 aggregation in adult zebrafish
brain. Cell Rep. 2016, 17, 941–948. [CrossRef]

30. Jurisch-Yaksi, N.; Yaksi, E.; Kizil, C. Radial glia in the zebrafish brain: Functional, structural, and physiological comparison with
the mammalian glia. Glia 2020, 68, 2451–2470. [CrossRef]

31. Alunni, A.; Bally-Cuif, L. A comparative view of regenerative neurogenesis in vertebrates. Development 2016, 143, 741–753.
[CrossRef] [PubMed]

32. Bhattarai, P.; Thomas, A.K.; Cosacak, M.I.; Papadimitriou, C.; Mashkaryan, V.; Zhang, Y.; Kizil, C. Modeling Amyloid-β42 Toxicity
and Neurodegeneration in Adult Zebrafish Brain. J. Vis. Exp. 2017, 128, e56014. [CrossRef]

33. Reitz, C.; Mayeux, R. Alzheimer disease: Epidemiology, diagnostic criteria, risk factors and biomarkers. Biochem. Pharmacol. 2014,
88, 640–651. [CrossRef] [PubMed]

34. LaFerla, F.M.; Oddo, S. Alzheimer’s disease: Abeta, tau and synaptic dysfunction. Trends Mol. Med. 2005, 11, 170–176. [CrossRef]
35. Kizil, C.; Sariya, S.; Kim, Y.A.; Rajabli, F.; Martin, E.; Reyes-Dumeyer, D.; Vardarajan, B.; Maldonado, A.; Haines, J.L.; Mayeux, R.;

et al. Admixture Mapping of Alzheimer’s disease in Caribbean Hispanics identifies a new locus on 22q13.1. Mol. Psychiatry 2022.
[CrossRef] [PubMed]

36. Lee, A.J.; Raghavan, N.S.; Bhattarai, P.; Siddiqui, T.; Sariya, S.; Reyes-Dumeyer, D.; Flowers, X.E.; Cardoso, S.A.L.; De Jager, P.L.;
Bennett, D.A.; et al. FMNL2 regulates gliovascular interactions and is associated with vascular risk factors and cerebrovascular
pathology in Alzheimer’s disease. Acta Neuropathol. 2022. [CrossRef] [PubMed]

37. Leng, K.; Li, E.; Eser, R.; Piergies, A.; Sit, R.; Tan, M.; Neff, N.; Li, S.H.; Rodriguez, R.D.; Suemoto, C.K.; et al. Molecular
characterization of selectively vulnerable neurons in Alzheimer’s disease. Nat. Neurosci. 2021, 24, 276–287. [CrossRef] [PubMed]

38. Olah, M.; Menon, V.; Habib, N.; Taga, M.F.; Ma, Y.; Yung, C.J.; Cimpean, M.; Khairallah, A.; Coronas-Samano, G.; Sankowski, R.;
et al. Single cell RNA sequencing of human microglia uncovers a subset associated with Alzheimer’s disease. Nat. Commun. 2020,
11, 6129. [CrossRef]

39. Eze, U.C.; Bhaduri, A.; Haeussler, M.; Nowakowski, T.J.; Kriegstein, A.R. Single-cell atlas of early human brain development
highlights heterogeneity of human neuroepithelial cells and early radial glia. Nat. Neurosci. 2021, 24, 584–594. [CrossRef]

40. Bhattarai, P.; Cosacak, M.I.; Mashkaryan, V.; Demir, S.; Popova, S.; Govindarajan, N.; Brandt, K.; Zhang, Y.; Chang, W.; Ampatzis,
K.; et al. Neuron-glia interaction through Serotonin-BDNF-NGFR axis enables regenerative neurogenesis in Alzheimer’s model
of adult zebrafish brain. PLoS Biol. 2020, 18, e3000585. [CrossRef]

41. Cosacak, M.I.; Bhattarai, P.; Reinhardt, S.; Petzold, A.; Dahl, A.; Zhang, Y.; Kizil, C. Single-Cell Transcriptomics Analyses of
Neural Stem Cell Heterogeneity and Contextual Plasticity in a Zebrafish Brain Model of Amyloid Toxicity. Cell Rep. 2019, 27,
1307–1318 e1303. [CrossRef] [PubMed]

42. D’Gama, P.P.; Qiu, T.; Cosacak, M.I.; Rayamajhi, D.; Konac, A.; Hansen, J.N.; Ringers, C.; Acuna-Hinrichsen, F.; Hui, S.P.; Olstad,
E.W.; et al. Diversity and function of motile ciliated cell types within ependymal lineages of the zebrafish brain. Cell Rep. 2021,
37, 109775. [CrossRef]

43. Howe, K.; Clark, M.D.; Torroja, C.F.; Torrance, J.; Berthelot, C.; Muffato, M.; Collins, J.E.; Humphray, S.; McLaren, K.;
Matthews, L.; et al. The zebrafish reference genome sequence and its relationship to the human genome. Nature 2013, 496,
498–503. [CrossRef] [PubMed]

44. Guo, C.; Eckler, M.J.; McKenna, W.L.; McKinsey, G.L.; Rubenstein, J.L.; Chen, B. Fezf2 expression identifies a multipotent
progenitor for neocortical projection neurons, astrocytes, and oligodendrocytes. Neuron 2013, 80, 1167–1174. [CrossRef] [PubMed]

45. Jakovcevski, I.; Zecevic, N. Olig transcription factors are expressed in oligodendrocyte and neuronal cells in human fetal CNS.
J. Neurosci. 2005, 25, 10064–10073. [CrossRef]

46. Menn, B.; Garcia-Verdugo, J.M.; Yaschine, C.; Gonzalez-Perez, O.; Rowitch, D.; Alvarez-Buylla, A. Origin of oligodendrocytes in
the subventricular zone of the adult brain. J. Neurosci. 2006, 26, 7907–7918. [CrossRef]

47. Wenk, G.L. Neuropathologic changes in Alzheimer’s disease: Potential targets for treatment. J. Clin. Psychiatry 2006,
67 (Suppl. 3), 3.

48. Nowack, A.; Yao, J.; Custer, K.L.; Bajjalieh, S.M. SV2 regulates neurotransmitter release via multiple mechanisms. Am. J.
Physiol.-Cell Physiol. 2010, 299, C960–C967. [CrossRef]

http://doi.org/10.1186/1749-8104-7-27
http://www.ncbi.nlm.nih.gov/pubmed/22824261
http://doi.org/10.1002/dneu.20918
http://doi.org/10.1016/j.devcel.2012.10.014
http://doi.org/10.1126/science.1228773
http://doi.org/10.1002/dvdy.22710
http://doi.org/10.1002/glia.22269
http://doi.org/10.1016/j.celrep.2016.09.075
http://doi.org/10.1002/glia.23849
http://doi.org/10.1242/dev.122796
http://www.ncbi.nlm.nih.gov/pubmed/26932669
http://doi.org/10.3791/56014
http://doi.org/10.1016/j.bcp.2013.12.024
http://www.ncbi.nlm.nih.gov/pubmed/24398425
http://doi.org/10.1016/j.molmed.2005.02.009
http://doi.org/10.1038/s41380-022-01526-6
http://www.ncbi.nlm.nih.gov/pubmed/35365809
http://doi.org/10.1007/s00401-022-02431-6
http://www.ncbi.nlm.nih.gov/pubmed/35608697
http://doi.org/10.1038/s41593-020-00764-7
http://www.ncbi.nlm.nih.gov/pubmed/33432193
http://doi.org/10.1038/s41467-020-19737-2
http://doi.org/10.1038/s41593-020-00794-1
http://doi.org/10.1371/journal.pbio.3000585
http://doi.org/10.1016/j.celrep.2019.03.090
http://www.ncbi.nlm.nih.gov/pubmed/31018142
http://doi.org/10.1016/j.celrep.2021.109775
http://doi.org/10.1038/nature12111
http://www.ncbi.nlm.nih.gov/pubmed/23594743
http://doi.org/10.1016/j.neuron.2013.09.037
http://www.ncbi.nlm.nih.gov/pubmed/24314728
http://doi.org/10.1523/JNEUROSCI.2324-05.2005
http://doi.org/10.1523/JNEUROSCI.1299-06.2006
http://doi.org/10.1152/ajpcell.00259.2010


Cells 2022, 11, 1807 18 of 20

49. Park, D.; Yang, Y.-H.; Bae, D.K.; Lee, S.H.; Yang, G.; Kyung, J.; Kim, D.; Choi, E.-K.; Lee, S.W.; Kim, G.H.; et al. Improvement
of cognitive function and physical activity of aging mice by human neural stem cells over-expressing choline acetyltransferase.
Neurobiol. Aging 2013, 34, 2639–2646. [CrossRef]

50. Codega, P.; Silva-Vargas, V.; Paul, A.; Maldonado-Soto, A.R.; Deleo, A.M.; Pastrana, E.; Doetsch, F. Prospective identification and
purification of quiescent adult neural stem cells from their in vivo niche. Neuron 2014, 82, 545–559. [CrossRef]

51. Mellott, T.J.; Pender, S.M.; Burke, R.M.; Langley, E.A.; Blusztajn, J.K. IGF2 ameliorates amyloidosis, increases cholinergic marker
expression and raises BMP9 and neurotrophin levels in the hippocampus of the APPswePS1dE9 Alzheimer’s disease model mice.
PLoS ONE 2014, 9, e94287. [CrossRef] [PubMed]

52. Morimoto, K.; Nakajima, K. Role of the Immune System in the Development of the Central Nervous System. Front. Neurosci.
2019, 13, 916. [CrossRef] [PubMed]

53. Newton, K.; Dixit, V.M. Signaling in innate immunity and inflammation. Cold Spring Harb. Perspect. Biol. 2012, 4, a006049.
[CrossRef] [PubMed]

54. Davis, G.E.; Senger, D.R. Endothelial extracellular matrix: Biosynthesis, remodeling, and functions during vascular morphogenesis
and neovessel stabilization. Circ. Res. 2005, 97, 1093–1107. [CrossRef] [PubMed]

55. Hillebrand, U.; Hausberg, M.; Lang, D.; Stock, C.; Riethmuller, C.; Callies, C.; Bussemaker, E. How steroid hormones act on the
endothelium–insights by atomic force microscopy. Pflügers Arch.-Eur. J. Physiol. 2008, 456, 51–60. [CrossRef] [PubMed]

56. Jebelli, J.; Su, W.; Hopkins, S.; Pocock, J.; Garden, G.A. Glia: Guardians, gluttons, or guides for the maintenance of neuronal
connectivity? Ann. N. Y. Acad. Sci. 2015, 1351, 1–10. [CrossRef] [PubMed]

57. Barker, S.J.; Raju, R.M.; Milman, N.E.P.; Wang, J.; Davila-Velderrain, J.; Gunter-Rahman, F.; Parro, C.C.; Bozzelli, P.L.; Abdurrob, F.;
Abdelaal, K.; et al. MEF2 is a key regulator of cognitive potential and confers resilience to neurodegeneration. Sci. Transl. Med.
2021, 13, eabd7695. [CrossRef]

58. Raghavan, N.S.; Dumitrescu, L.; Mormino, E.; Mahoney, E.R.; Lee, A.J.; Gao, Y.; Bilgel, M.; Goldstein, D.; Harrison, T.; Engelman,
C.D.; et al. Association Between Common Variants in RBFOX1, an RNA-Binding Protein, and Brain Amyloidosis in Early and
Preclinical Alzheimer Disease. JAMA Neurol. 2020, 77, 1288–1298. [CrossRef]

59. Kadowaki, H.; Nishitoh, H.; Urano, F.; Sadamitsu, C.; Matsuzawa, A.; Takeda, K.; Masutani, H.; Yodoi, J.; Urano, Y.; Nagano,
T.; et al. Amyloid beta induces neuronal cell death through ROS-mediated ASK1 activation. Cell Death Differ. 2005, 12, 19–24.
[CrossRef]

60. Beyreuther, K.; Masters, C.L. Alzheimer’s disease. The ins and outs of amyloid-beta. Nature 1997, 389, 677–678. [CrossRef]
61. Wei, Z.; Koya, J.; Reznik, S.E. Insulin Resistance Exacerbates Alzheimer Disease via Multiple Mechanisms. Front. Neurosci. 2021,

15, 687157. [CrossRef] [PubMed]
62. Cavallini, A.; Brewerton, S.; Bell, A.; Sargent, S.; Glover, S.; Hardy, C.; Moore, R.; Calley, J.; Ramachandran, D.; Poidinger, M.; et al.

An unbiased approach to identifying tau kinases that phosphorylate tau at sites associated with Alzheimer disease. J. Biol. Chem.
2013, 288, 23331–23347. [CrossRef] [PubMed]

63. Terreros-Roncal, J.; Moreno-Jimenez, E.P.; Flor-Garcia, M.; Rodriguez-Moreno, C.B.; Trinchero, M.F.; Cafini, F.; Rabano, A.; Llorens-
Martin, M. Impact of neurodegenerative diseases on human adult hippocampal neurogenesis. Science 2021, 374, 1106–1113.
[CrossRef] [PubMed]

64. Boldrini, M.; Fulmore, C.A.; Tartt, A.N.; Simeon, L.R.; Pavlova, I.; Poposka, V.; Rosoklija, G.B.; Stankov, A.; Arango, V.; Dwork, A.J.;
et al. Human Hippocampal Neurogenesis Persists throughout Aging. Cell Stem Cell 2018, 22, 589–599.e5. [CrossRef] [PubMed]

65. Sorrells, S.F.; Paredes, M.F.; Cebrian-Silla, A.; Sandoval, K.; Qi, D.; Kelley, K.W.; James, D.; Mayer, S.; Chang, J.; Auguste, K.I.;
et al. Human hippocampal neurogenesis drops sharply in children to undetectable levels in adults. Nature 2018, 555, 377–381.
[CrossRef]

66. Kempermann, G.; Gage, F.H.; Aigner, L.; Song, H.; Curtis, M.A.; Thuret, S.; Kuhn, H.G.; Jessberger, S.; Frankland, P.W.; Cameron,
H.A.; et al. Human Adult Neurogenesis: Evidence and Remaining Questions. Cell Stem Cell 2018, 23, 25–30. [CrossRef]

67. Shin, J.; Berg, D.A.; Zhu, Y.; Shin, J.Y.; Song, J.; Bonaguidi, M.A.; Enikolopov, G.; Nauen, D.W.; Christian, K.M.; Ming, G.L.; et al.
Single-Cell RNA-Seq with Waterfall Reveals Molecular Cascades underlying Adult Neurogenesis. Cell Stem Cell 2015, 17, 360–372.
[CrossRef]

68. Rodriguez, J.J.; Verkhratsky, A. Neurogenesis in Alzheimer’s disease. J. Anat. 2011, 219, 78–89. [CrossRef]
69. Knobloch, M.; Pilz, G.A.; Ghesquiere, B.; Kovacs, W.J.; Wegleiter, T.; Moore, D.L.; Hruzova, M.; Zamboni, N.; Carmeliet, P.;

Jessberger, S. A Fatty Acid Oxidation-Dependent Metabolic Shift Regulates Adult Neural Stem Cell Activity. Cell Rep. 2017, 20,
2144–2155. [CrossRef]

70. Diotel, N.; Vaillant, C.; Gueguen, M.M.; Mironov, S.; Anglade, I.; Servili, A.; Pellegrini, E.; Kah, O. Cxcr4 and Cxcl12 expression in
radial glial cells of the brain of adult zebrafish. J. Comp. Neurol. 2010, 518, 4855–4876. [CrossRef]

71. Marz, M.; Chapouton, P.; Diotel, N.; Vaillant, C.; Hesl, B.; Takamiya, M.; Lam, C.S.; Kah, O.; Bally-Cuif, L.; Strahle, U.
Heterogeneity in progenitor cell subtypes in the ventricular zone of the zebrafish adult telencephalon. Glia 2010, 58, 870–888.
[CrossRef] [PubMed]

72. Tan, B.T.; Wang, L.; Li, S.; Long, Z.Y.; Wu, Y.M.; Liu, Y. Retinoic acid induced the differentiation of neural stem cells from
embryonic spinal cord into functional neurons in vitro. Int. J. Clin. Exp. Pathol. 2015, 8, 8129–8135.

http://doi.org/10.1016/j.neurobiolaging.2013.04.026
http://doi.org/10.1016/j.neuron.2014.02.039
http://doi.org/10.1371/journal.pone.0094287
http://www.ncbi.nlm.nih.gov/pubmed/24732467
http://doi.org/10.3389/fnins.2019.00916
http://www.ncbi.nlm.nih.gov/pubmed/31551681
http://doi.org/10.1101/cshperspect.a006049
http://www.ncbi.nlm.nih.gov/pubmed/22296764
http://doi.org/10.1161/01.RES.0000191547.64391.e3
http://www.ncbi.nlm.nih.gov/pubmed/16306453
http://doi.org/10.1007/s00424-007-0411-3
http://www.ncbi.nlm.nih.gov/pubmed/18172604
http://doi.org/10.1111/nyas.12711
http://www.ncbi.nlm.nih.gov/pubmed/25752338
http://doi.org/10.1126/scitranslmed.abd7695
http://doi.org/10.1001/jamaneurol.2020.1760
http://doi.org/10.1038/sj.cdd.4401528
http://doi.org/10.1038/39479
http://doi.org/10.3389/fnins.2021.687157
http://www.ncbi.nlm.nih.gov/pubmed/34349617
http://doi.org/10.1074/jbc.M113.463984
http://www.ncbi.nlm.nih.gov/pubmed/23798682
http://doi.org/10.1126/science.abl5163
http://www.ncbi.nlm.nih.gov/pubmed/34672693
http://doi.org/10.1016/j.stem.2018.03.015
http://www.ncbi.nlm.nih.gov/pubmed/29625071
http://doi.org/10.1038/nature25975
http://doi.org/10.1016/j.stem.2018.04.004
http://doi.org/10.1016/j.stem.2015.07.013
http://doi.org/10.1111/j.1469-7580.2011.01343.x
http://doi.org/10.1016/j.celrep.2017.08.029
http://doi.org/10.1002/cne.22492
http://doi.org/10.1002/glia.20971
http://www.ncbi.nlm.nih.gov/pubmed/20155821


Cells 2022, 11, 1807 19 of 20

73. Valdivia, L.E.; Lamb, D.B.; Horner, W.; Wierzbicki, C.; Tafessu, A.; Williams, A.M.; Gestri, G.; Krasnow, A.M.; Vleeshouwer-
Neumann, T.S.; Givens, M.; et al. Antagonism between Gdf6a and retinoic acid pathways controls timing of retinal neurogenesis
and growth of the eye in zebrafish. Development 2016, 143, 1087–1098. [CrossRef] [PubMed]

74. Gongal, P.A.; March, L.D.; Holly, V.L.; Pillay, L.M.; Berry-Wynne, K.M.; Kagechika, H.; Waskiewicz, A.J. Hmx4 regulates Sonic
hedgehog signaling through control of retinoic acid synthesis during forebrain patterning. Dev. Biol. 2011, 355, 55–64. [CrossRef]
[PubMed]

75. Alunni, A.; Krecsmarik, M.; Bosco, A.; Galant, S.; Pan, L.; Moens, C.B.; Bally-Cuif, L. Notch3 signaling gates cell cycle entry and
limits neural stem cell amplification in the adult pallium. Development 2013, 140, 3335–3347. [CrossRef] [PubMed]

76. Turolo, S.; Edefonti, A.; Mazzocchi, A.; Syren, M.L.; Morello, W.; Agostoni, C.; Montini, G. Role of Arachidonic Acid and Its
Metabolites in the Biological and Clinical Manifestations of Idiopathic Nephrotic Syndrome. Int. J. Mol. Sci. 2021, 22, 5452.
[CrossRef]

77. Cosacak, M.I.; Bhattarai, P.; Kizil, C. Alzheimer’s disease, neural stem cells and neurogenesis: Cellular phase at single-cell level.
Neural Regen. Res. 2020, 15, 824–827. [CrossRef]

78. Mashkaryan, V.; Siddiqui, T.; Popova, S.; Cosacak, M.I.; Bhattarai, P.; Brandt, K.; Govindarajan, N.; Petzold, A.; Reinhardt, S.;
Dahl, A.; et al. Type 1 Interleukin-4 signaling obliterates mouse astroglia in vivo but not in vitro. Front. Cell Dev. Biol. 2020, 8, 114.
[CrossRef]

79. Celikkaya, H.; Cosacak, M.I.; Papadimitriou, C.; Popova, S.; Bhattarai, P.; Biswas, S.N.; Siddiqui, T.; Wistorf, S.; Nevado-Alcalde,
I.; Naumann, L.; et al. GATA3 Promotes the Neural Progenitor State but Not Neurogenesis in 3D Traumatic Injury Model of
Primary Human Cortical Astrocytes. Front. Cell Neurosci. 2019, 13, 23. [CrossRef]

80. Papadimitriou, C.; Celikkaya, H.; Cosacak, M.I.; Mashkaryan, V.; Bray, L.; Bhattarai, P.; Brandt, K.; Hollak, H.; Chen, X.;
He, S.; et al. 3D Culture Method for Alzheimer’s Disease Modeling Reveals Interleukin-4 Rescues Abeta42-Induced Loss of
Human Neural Stem Cell Plasticity. Dev. Cell 2018, 46, 85–101.e8. [CrossRef]

81. Arber, C.; Lovejoy, C.; Harris, L.; Willumsen, N.; Alatza, A.; Casey, J.M.; Lines, G.; Kerins, C.; Mueller, A.K.; Zetterberg, H.; et al.
Familial Alzheimer’s Disease Mutations in PSEN1 Lead to Premature Human Stem Cell Neurogenesis. Cell Rep. 2021, 34, 108615.
[CrossRef] [PubMed]

82. Gomez-Nicola, D.; Suzzi, S.; Vargas-Caballero, M.; Fransen, N.L.; Al-Malki, H.; Cebrian-Silla, A.; Garcia-Verdugo, J.M.; Riecken,
K.; Fehse, B.; Perry, V.H. Temporal dynamics of hippocampal neurogenesis in chronic neurodegeneration. Brain 2014, 137,
2312–2328. [CrossRef] [PubMed]

83. Leissring, M.A.; Farris, W.; Chang, A.Y.; Walsh, D.M.; Wu, X.; Sun, X.; Frosch, M.P.; Selkoe, D.J. Enhanced proteolysis of
beta-amyloid in APP transgenic mice prevents plaque formation, secondary pathology, and premature death. Neuron 2003, 40,
1087–1093. [CrossRef]

84. Carson, J.A.; Turner, A.J. Beta-amyloid catabolism: Roles for neprilysin (NEP) and other metallopeptidases? J. Neurochem. 2002,
81, 1–8. [CrossRef]

85. Vardarajan, B.N.; Zhang, Y.; Lee, J.H.; Cheng, R.; Bohm, C.; Ghani, M.; Reitz, C.; Reyes-Dumeyer, D.; Shen, Y.; Rogaeva, E.; et al.
Coding mutations in SORL1 and Alzheimer disease. Ann. Neurol. 2015, 77, 215–227. [CrossRef]

86. Reitz, C.; Mayeux, R. Use of genetic variation as biomarkers for Alzheimer’s disease. Ann. N. Y. Acad. Sci. 2009, 1180, 75–96.
[CrossRef]

87. Scheltens, P.; Blennow, K.; Breteler, M.M.; de Strooper, B.; Frisoni, G.B.; Salloway, S.; Van der Flier, W.M. Alzheimer’s disease.
Lancet 2016, 388, 505–517. [CrossRef]

88. Arendt, T. Synaptic degeneration in Alzheimer’s disease. Acta Neuropathol. 2009, 118, 167–179. [CrossRef]
89. Caramillo, E.M.; Echevarria, D.J. Alzheimer’s disease in the zebrafish: Where can we take it? Behav. Pharmacol. 2017, 28, 179–186.

[CrossRef]
90. Santana, S.; Rico, E.P.; Burgos, J.S. Can zebrafish be used as animal model to study Alzheimer’s disease? Am. J. Neurodegener. Dis.

2012, 1, 32–48.
91. DeCarolis, N.A.; Mechanic, M.; Petrik, D.; Carlton, A.; Ables, J.L.; Malhotra, S.; Bachoo, R.; Gotz, M.; Lagace, D.C.; Eisch, A.J.

In vivo contribution of nestin- and GLAST-lineage cells to adult hippocampal neurogenesis. Hippocampus 2013, 23, 708–719.
[CrossRef] [PubMed]

92. Miller, D.J.; Fort, P.E. Heat Shock Proteins Regulatory Role in Neurodevelopment. Front. Neurosci. 2018, 12, 821. [CrossRef]
[PubMed]

93. Choy, F.C.; Klaric, T.S.; Koblar, S.A.; Lewis, M.D. The Role of the Neuroprotective Factor Npas4 in Cerebral Ischemia. Int. J. Mol.
Sci. 2015, 16, 29011–29028. [CrossRef] [PubMed]

94. Tai, H.C.; Schuman, E.M. Ubiquitin, the proteasome and protein degradation in neuronal function and dysfunction. Nat. Rev.
Neurosci. 2008, 9, 826–838. [CrossRef] [PubMed]

95. Choi, D.J.; An, J.; Jou, I.; Park, S.M.; Joe, E.H. A Parkinson’s disease gene, DJ-1, regulates anti-inflammatory roles of astrocytes
through prostaglandin D2 synthase expression. Neurobiol. Dis. 2019, 127, 482–491. [CrossRef]

96. Ekdahl, C.T.; Kokaia, Z.; Lindvall, O. Brain inflammation and adult neurogenesis: The dual role of microglia. Neuroscience 2009,
158, 1021–1029. [CrossRef]

http://doi.org/10.1242/dev.130922
http://www.ncbi.nlm.nih.gov/pubmed/26893342
http://doi.org/10.1016/j.ydbio.2011.04.018
http://www.ncbi.nlm.nih.gov/pubmed/21539831
http://doi.org/10.1242/dev.095018
http://www.ncbi.nlm.nih.gov/pubmed/23863484
http://doi.org/10.3390/ijms22115452
http://doi.org/10.4103/1673-5374.268896
http://doi.org/10.3389/fcell.2020.00114
http://doi.org/10.3389/fncel.2019.00023
http://doi.org/10.1016/j.devcel.2018.06.005
http://doi.org/10.1016/j.celrep.2020.108615
http://www.ncbi.nlm.nih.gov/pubmed/33440141
http://doi.org/10.1093/brain/awu155
http://www.ncbi.nlm.nih.gov/pubmed/24941947
http://doi.org/10.1016/S0896-6273(03)00787-6
http://doi.org/10.1046/j.1471-4159.2002.00855.x
http://doi.org/10.1002/ana.24305
http://doi.org/10.1111/j.1749-6632.2009.04945.x
http://doi.org/10.1016/S0140-6736(15)01124-1
http://doi.org/10.1007/s00401-009-0536-x
http://doi.org/10.1097/FBP.0000000000000284
http://doi.org/10.1002/hipo.22130
http://www.ncbi.nlm.nih.gov/pubmed/23554226
http://doi.org/10.3389/fnins.2018.00821
http://www.ncbi.nlm.nih.gov/pubmed/30483047
http://doi.org/10.3390/ijms161226144
http://www.ncbi.nlm.nih.gov/pubmed/26690124
http://doi.org/10.1038/nrn2499
http://www.ncbi.nlm.nih.gov/pubmed/18931696
http://doi.org/10.1016/j.nbd.2019.04.003
http://doi.org/10.1016/j.neuroscience.2008.06.052


Cells 2022, 11, 1807 20 of 20

97. Yutsudo, N.; Kamada, T.; Kajitani, K.; Nomaru, H.; Katogi, A.; Ohnishi, Y.H.; Ohnishi, Y.N.; Takase, K.; Sakumi, K.;
Shigeto, H.; et al. fosB-null mice display impaired adult hippocampal neurogenesis and spontaneous epilepsy with depressive
behavior. Neuropsychopharmacology 2013, 38, 895–906. [CrossRef]

98. Kalebic, N.; Gilardi, C.; Stepien, B.; Wilsch-Brauninger, M.; Long, K.R.; Namba, T.; Florio, M.; Langen, B.; Lombardot, B.;
Shevchenko, A.; et al. Neocortical Expansion Due to Increased Proliferation of Basal Progenitors Is Linked to Changes in Their
Morphology. Cell Stem Cell 2019, 24, 535–550.e9. [CrossRef]

99. Pirttila, T.J.; Lukasiuk, K.; Hakansson, K.; Grubb, A.; Abrahamson, M.; Pitkanen, A. Cystatin C modulates neurodegeneration and
neurogenesis following status epilepticus in mouse. Neurobiol. Dis. 2005, 20, 241–253. [CrossRef]

100. Svetoni, F.; De Paola, E.; La Rosa, P.; Mercatelli, N.; Caporossi, D.; Sette, C.; Paronetto, M.P. Post-transcriptional regulation of FUS
and EWS protein expression by miR-141 during neural differentiation. Hum. Mol. Genet. 2017, 26, 2732–2746. [CrossRef]

101. Kang, S.; Gim, J.; Lee, J.; Gunasekaran, T.I.; Choi, K.Y.; Lee, J.J.; Seo, E.H.; Ko, P.W.; Chung, J.Y.; Choi, S.M.; et al. Potential Novel
Genes for Late-Onset Alzheimer’s Disease in East-Asian Descent Identified by APOE-Stratified Genome-Wide Association Study.
J. Alzheimer’s Dis. 2021, 82, 1451–1460. [CrossRef] [PubMed]

102. Gur, G.; Rubin, C.; Katz, M.; Amit, I.; Citri, A.; Nilsson, J.; Amariglio, N.; Henriksson, R.; Rechavi, G.; Hedman, H.; et al. LRIG1
restricts growth factor signaling by enhancing receptor ubiquitylation and degradation. EMBO J. 2004, 23, 3270–3281. [CrossRef]
[PubMed]

103. Patel, H.; Hodges, A.K.; Curtis, C.; Lee, S.H.; Troakes, C.; Dobson, R.J.B.; Newhouse, S.J. Transcriptomic analysis of probable
asymptomatic and symptomatic alzheimer brains. Brain Behav. Immun. 2019, 80, 644–656. [CrossRef] [PubMed]

104. Stuart, T.; Butler, A.; Hoffman, P.; Hafemeister, C.; Papalexi, E.; Mauck, W.M., 3rd; Hao, Y.; Stoeckius, M.; Smibert, P.; Satija, R.
Comprehensive Integration of Single-Cell Data. Cell 2019, 177, 1888–1902 e1821. [CrossRef] [PubMed]

105. Bhaduri, A.; Andrews, M.G.; Mancia Leon, W.; Jung, D.; Shin, D.; Allen, D.; Jung, D.; Schmunk, G.; Haeussler, M.; Salma, J.; et al.
Cell stress in cortical organoids impairs molecular subtype specification. Nature 2020, 578, 142–148. [CrossRef]

http://doi.org/10.1038/npp.2012.260
http://doi.org/10.1016/j.stem.2019.02.017
http://doi.org/10.1016/j.nbd.2005.03.006
http://doi.org/10.1093/hmg/ddx160
http://doi.org/10.3233/JAD-210145
http://www.ncbi.nlm.nih.gov/pubmed/34151794
http://doi.org/10.1038/sj.emboj.7600342
http://www.ncbi.nlm.nih.gov/pubmed/15282549
http://doi.org/10.1016/j.bbi.2019.05.009
http://www.ncbi.nlm.nih.gov/pubmed/31063847
http://doi.org/10.1016/j.cell.2019.05.031
http://www.ncbi.nlm.nih.gov/pubmed/31178118
http://doi.org/10.1038/s41586-020-1962-0

	Introduction 
	Results 
	Integrated Clustering of Zebrafish and Human Cells 
	Differential Expression Analyses between AD and Controls in Zebrafish vs. Human 
	Comparison of Microglia between Zebrafish and Humans 
	Comparison of Astroglial Clusters in Human and Zebrafish Brain in AD 
	Developing Human Brain versus Zebrafish 

	Discussion 
	Methods 
	Single Cell Transcriptomics Data 
	Single Cell Data Analyses Using All Genes 
	Main Cell Types 
	Outcomes 
	Orthologous Genes 
	Single Cell Data Analyses 
	Preprocessing of the EC/SFG Datasets 
	Integrating all Cells from the Zebrafish Telencephalon, Human EC/SFG, and Human Fetal Samples 
	Marker Genes Analyses 
	The Effect of Orthologous Genes on Each Dataset 
	Differentially Expressed Genes and GO Term Analyses 
	Comparing Human Microglia and Zebrafish Microglia 


	References

