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Introduction

Occurrence of adult hippocampal neurogenesis in the sub­
granular zone of the human dentate gyrus (DG) was first 
suggested around 25 years ago.1 Adult hippocampal neuro­
genesis in the human brain has been extensively investigated, 
but mainly with immunohistochemical approaches, yielding 
highly discordant conclusions.2–9 The controversy in the liter­
ature regarding the extent to which adult hippocampal 
neurogenesis occurs in the human brain can be attributed to a 
wide range of factors, including differences in the brain 
specimens10–12 and the immunohistochemistry protocols used 
to identify neurogenic cell types,4,13 specifically the antibodies 
used to define neurogenesis in the human DG.11 

These differences have ultimately resulted in diverging 
conclusions regarding different neurogenic cells immuno­
labelled in the adult human hippocampus. For instance, 
doublecortin (DCX) antibodies have been extensively used 
in various immunohistochemical studies to characterize 

immature granule neurons in the neurogenic niche. However, 
the presence of DCX-immunolabelled cells in the DG has been 
under intense debate, with studies reporting contradictory 
levels of DCX expression in the DG during physiologic 
aging.2,3,5,7,8,9,13,14 Although studies examining the expression of 
neurogenesis and proliferative markers in the adult human 
hippocampus with in situ hybridization are still lacking, Tartt 
and colleagues15 found that density of cells positive for DCX 
mRNA in the adult neurotypical human hippocampus did not 
decline with age, which was comparable to their findings re­
lated to DCX-immunolabelled cells, therefore suggesting some 
agreement in protein and mRNA expression levels. More re­
cently, a proliferation of studies have used single-cell and 
single-nucleus RNA sequencing to examine adult hippocampal 
neurogenesis at the transcriptomic level.16–20 Although these 
methods provide transcriptomic signatures for different cell 
types detected in the DG, they lack spatial resolution. In addi­
tion, as recently reviewed by our group,21 some studies have 
identified a neurogenic lineage trajectory in their data sets, 
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Background: Adult hippocampal neurogenesis has been extensively characterized in rodent models, but its existence in humans re-
mains controversial. We sought to assess the phenomenon in postmortem human hippocampal samples by combining spatial transcrip-
tomics and multiplexed fluorescent in situ hybridization. Methods: We computationally examined the spatial expression of various 
canonical neurogenesis markers in postmortem dentate gyrus (DG) sections from young and middle-aged sudden-death males. We con-
ducted in situ assessment of markers expressed in neural stem cells, proliferative cells, and immature granule neurons in postmortem 
DG sections from infant, adolescent, and middle-aged males. Results: We examined frozen DG tissue from infant (n = 1, age 2 yr), ado-
lescent (n = 1, age 16 yr), young adult (n = 2, mean age 23.5 yr), and middle-aged (n = 2, mean age 42.5 yr) males, and frozen-fixed DG 
tissue from middle-aged males (n = 6, mean age 43.5 yr). We detected very few cells expressing neural stem cell and proliferative mark-
ers in the human DG from childhood to middle age. However, at all ages, we observed a substantial number of DG cells expressing the 
immature neuronal marker DCX. Most DCX+ cells displayed an inhibitory phenotype, while the remainder were non-committed or excit-
atory in nature. Limitations: The study was limited by small sample sizes and included samples only from males. Conclusion: Our find-
ings indicate very low levels of hippocampal neurogenesis throughout life and the existence of a local reserve of plasticity in the adult hu-
man hippocampus. Overall, our study provides important insight into the distribution and phenotype of cells expressing neurogenesis 
markers in the adult human hippocampus.
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while others have not. These discrepancies may be explained 
by the differences in the methodological and computational 
approaches used in these single-nucleus genomic studies.

In the present study, we sought to assess the spatial ex­
pression of various neurogenesis-related genes in the adult 
human DG at the transcriptomic level using spatial transcrip­
tomic tools and multiplexed fluorescent in situ hybridization 
(FISH). Although single-molecule in situ hybridization has 
been used in the context of adult hippocampal neurogenesis 
in the human brain,7,15 these studies looked only at DCX 
mRNA–expressing cells and did not investigate their pheno­
type. Here, we sought to integrate spatial transcriptomics 
and multiplexed FISH to characterize, both computationally 
and in situ, the spatial expression of markers commonly used 
in the literature to identify neurogenic cell types in the DG at 
the transcriptomic level. 

Methods

Human postmortem tissue

We obtained frozen DG tissue from well-characterized ado­
lescent, young adult, and middle-aged males, and frozen-
fixed DG tissue from middle-aged males from the Douglas-
Bell Canada Brain Bank (Montréal, Canada). In collaboration 
with the Quebec Coroner’s Office and with informed consent 
from next of kin, phenotypic information was obtained with 
standardized psychological autopsies. Presence of any or sus­
pected neurologic or neurodegenerative disorder signalled in 
clinical files constituted an exclusion criterion. Sudden-death 
controls — people who died by natural or accidental causes 
of death, without any brain disorder — are defined with the 
support of medical charts and coroner records. Toxicological 
assessments and medication prescription were also obtained. 
The samples used for spatial transcriptomic experiments 
were dissected from the anterior hippocampus and the body 
(close to the anterior pole) of the hippocampus, while all 
frozen-fixed samples used for RNAscope were dissected 
from the anterior hippocampus. We obtained an infant fro­
zen DG sample from Dr. Nada Jabado’s laboratory at The 
Research Institute of the McGill University Health Centre. 
Detailed information on the samples used for spatial 
transcriptomic and FISH experiments is in Appendix 1, 
Tables 1 and 2, available at www.jpn.ca/lookup/doi/10.1503/
jpn.240026/tab-related-content.

Tissue processing and spatial transcriptomic data generation

Frozen tissue embedded in optimal cutting temperature com­
pound was cryosectioned at –20°C. We placed sections of 
10-μm thickness in the 6.5-mm by 6.5-mm fiducial frame cap­
ture area of Visium Spatial Gene Expression Slides (no. 
2000233, 10x Genomics) to maximize tissue coverage. Next, 
we fixed the tissue sections in methanol at –20°C for 30 min­
utes and stained them with hematoxylin and eosin according 
to the Visium Spatial Gene Expression User Guide 
(CG000239, 10x Genomics). The tissue was permeabilized for 
12 minutes based on tissue optimization time-course experi­

ments. We took bright-field images using the Olympus 
VS120 slide scanner with a 10× objective and exported them 
as low-resolution and high-resolution TIFF files. Libraries 
were prepared according to the Visium Spatial Gene Expres­
sion User Guide and loaded at 300 pM. We sequenced librar­
ies on a NovaSeq 6000 System (Illumina) using a NovaSeq S4 
Reagent Kit (200 cycles, no. 20027466, Illumina), at very high 
sequencing depths ranging between 290 and 420 × 106 read-
pairs per sample. The protocol for sequencing involved 
28 cycles for read 1, 10 cycles for the i7 index read, 10 cycles 
for the i5 index read, and 90 cycles for read 2.

Spatial transcriptomic data processing

To process the sequenced data, we used the 10x Genomics 
analysis pipeline Space Ranger (spaceranger-1.1.0 version) to 
create FASTQ files, which we mapped to the 10x Genomics 
GRCh38 reference human genome (GRCh38–2020-A) for 
gene quantification. Quality control metrics returned by this 
software are presented in Appendix 1, Table 1. We used the 
Space Ranger count pipeline to generate output files, includ­
ing feature barcode matrices; Loupe Browser files for data 
visualization; a data summary with images, metrics, and 
plots; downsampled input images; and spot barcode loca­
tions for downstream analysis.

Manual annotation

We manually annotated each section on LoupeBrowser (ver­
sion 5.0.0), the 10x Genomics Visium data visualization soft­
ware, by assigning each spot to a specific region of the DG. 
The manual annotations were done based on the human ana­
tomic atlas from the Allen Brain Atlas22 and validated by a 
blinded histology expert. After manual annotation, 7 clusters 
were defined on each section.

Clustering accuracy comparison and unsupervised spot 
clustering

The Space Ranger outputs of each sample were read into R 
(version 4.1.0; RRID:SCR_001905)23 in a customized structure 
using the Seurat R package24 (version 4.1.1) to keep them 
paired with the low-resolution histology images for visual­
ization. A detailed description of the steps used for the qual­
ity check and preprocessing of the data are included in 
Appendix 1.

We exported and integrated the manual annotations in the 
merged Seurat object for a comparison between the cluster­
ing performance of 4 different clustering algorithms, namely 
kmeans with the R package stats,23 mclust with the R pack­
age mclust (version 5.4.7),25 BayesSpace normal error 
method, and BayesSpace t-distributed error method.26 The 
clustering resolution was set at 7 clusters for each algorithm 
as there were 7 manually annotated clusters in each section. 
The clustering accuracy for each algorithm was assessed 
using the adjusted rand index, as previously described.26,27 
Based on this index, we performed unsupervised clustering 
using the BayesSpace (t-distributed error model) clustering 
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algorithm (version 1.4.1) with the spatialCluster (50 000 Markov 
chain Monte Carlo iterations [nrep]) BayesSpace function 
(Appendix 1, Supplementary Figure 1). We used Seurat for 
clustering visualization using the SpatialPlot function. We as­
sessed the average expression of different canonical cell type 
markers in each BayesSpace cluster from all sections by gen­
erating a dotplot with the DotPlot function from Seurat. We 
used well-known cell-type markers for dotplot visualization, 
namely SATB2, SLC17A7, and SLC17A6 (excitatory neurons); 
GAD1 and GAD2 (inhibitory neurons); TMEM119, CX3CR1, 
and MRC1 (microglia); CLDN5 and VTN (endothelial cells); 
GLUL, SOX9, AQP4, GFAP, ALDH1L1, and VIM (astrocytes); 
PDGFRA, OLIG1, and OLIG2 (oligodendrocyte precursor 
cells); PLP1, MOG, MOBP, and MBP (oligodendrocytes); and 
SNAP25, STMN2, and RBFOX3 (neurons).

Sub-spot level analysis

We next used the spatialEnhance (nrep = 200 000) and enhance-
Features functions of BayesSpace to computationally map the 
neurogenic features at the sub-spot level, where each Visium 
spot was divided into 6 sub-spots with BayesSpace. Al­
though Visium spots may contain up to 30 cells, given their 
55-μm diameter, each of the generated sub-spots represented 
the transcriptomic signatures of a lower number of cells, thus 
increasing the cellular resolution of the data. The default non­
linear regression model (XGBoost) was trained for each 
neurogenic marker to determine the gene expression meas­
ured at the spot level (maximum number of boosting itera­
tions [nrounds] set to 0). We used the fitted model to meas­
ure gene expression with the enhanced clustering. The spatial 
feature plots were generated using the featurePlot function 
from BayesSpace.

For the sub-spot level analysis of a mouse Visium data set, 
we downloaded a publicly available data set through the 10x 
Genomics website (https://www.10xgenomics.com/data​
sets/adult-mouse-brain-section-1-coronal-stains-dapi-anti​
-neu-n-1-standard-1-1-0), which we then pre-processed and 
computed at enhanced resolution with the integrated work­
flow of BayesSpace (version 1.4.1). One sample from an adult 
mouse was included in the analysis (Appendix 1, Supple­
mentary Figure 2).

For the sub-spot level analysis of the data set from Maynard 
and colleages,27 we downloaded the publicly available 
data set of dorsolateral prefrontal cortex (DLPFC) spatial 
transcriptomic data through the spatialLIBD R package 
(samples 151671, 151672, 151673, 151674),28 which we then 
preprocessed, batch corrected, and computed at enhanced 
resolution with the integrated workflow of BayesSpace 
(version 1.4.1).

Differential gene expression analysis

We identified differentially expressed genes (DEGs) for 
each BayesSpace cluster using Seurat’s FindAllMarkers func­
tion, with the 2-sided Wilcoxon rank-sum test (adjusted 
[false discovery rate] p < 0.05 and log fold-change threshold 
> 0.25). We included the top 5 DEGs for each cluster in a 

dotplot for visualization (Appendix 1, Supplementary 
Figure 3A). The DEGs extracted from each BayesSpace clus­
ter are included in Appendix 2, Table 1. We created Venn 
diagrams using an online tool (https://bioinfogp.cnb.csic.
es/tools/venny/index.html).29

Spot deconvolution with single-nucleus RNA sequencing

We downloaded the publicly available human hippocampal 
data set from Habib and colleagues (https://www.gtexportal.
org/home/datasets).18 We performed spot deconvolution 
using the SPOTlight package’s seeded non-negative matrix 
factorization regression model (version 0.1.7) in R,30 which de­
termined the topic profiles (i.e., the set of defining genes) 
within each cell type from the single-nucleus RNA sequenc­
ing data set and within each capture spot. We found the 
marker genes in each cluster of the data set using the FindAll-
Markers function (with Wilcoxon rank-sum test) with Seurat. 
We applied the spotlight_deconvolution function with the stan­
dard parameters from SPOTlight to determine the topic pro­
files from the single-nucleus data set that best fit each spot’s 
topic profile. The deconvolution was next assessed by looking 
at how specific the topic profiles were for each cell type from 
the single-nucleus RNA sequencing data set (Appendix 1, 
Supplementary Figure 4). We used the SpatialFeaturePlot func­
tion from Seurat to view the predicted proportions of cell-type 
markers of all single-nucleus RNA sequencing clusters on the 
spatial data (Appendix 1, Supplementary Figure 5).

Gene signature scoring

We used gene sets from Zhong and colleagues,31 Zhou and 
colleagues,20 and Wang and colleagues19 to calculate gene en­
richment scores, grouped by the BayesSpace clusters of the 
Visium data. We used Seurat’s AddModuleScore function to 
calculate the average expression of each gene set, subtracted 
with the average gene expression of a set of randomly chosen 
control genes (number of bins [nbin] = 24 and number of con­
trol features [ctrl] = 100). We then spatially mapped the mod­
ule scores directly onto each Visium section and created the 
corresponding violin plots using Seurat’s SpatialFeaturePlot 
and VlnPlot functions (Appendix 1, Supplementary Figure 6). 
The gene sets used for gene signature scoring are included in 
Appendix 2, Tables 2 and 3, available at www.jpn.ca/lookup/
doi/10.1503/jpn.240026/tab-related-content.

Multiplexed fluorescent in situ hybridization and data 
quantification

We performed FISH using Advanced Cell Diagnostics RNA­
scope probes and reagents (RNAscope Multiplex Fluorescent 
V2 Assay, ACD Bio), following the manufacturer’s instruc­
tions. We conducted experiments on both frozen and frozen-
fixed DG samples. Detailed information on the RNAscope 
experiments and the probes is provided in Appendix 1.

The slides were imaged at 20× magnification using the 
Olympus VS120 virtual slide scanner. We transferred the 
scans to QuPath32 (version 0.3.0; RRID:SCR_018257) for 
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further analysis. Using QuPath’s automated cell detection 
based on 4′,6-diamidino-2-phenylindole (DAPI) staining 
and manual counting, we counted the percentage of cells 
positive for different combinations of neurogenic markers 
in 2 layers of interest, the granule cell layer and subgranu­
lar zone. For each section, the granule cell layer was traced 
based on the DAPI staining, demonstrating a tightly com­
pact layer of DG granule neurons; the subgranular zone 
was defined as a 50-μm region below the granule cell 
layer, as previously done by Seki and colleagues.6 For 
stringent quantification, we counted cells with 4 or more 
fluorescent puncta as positive for GAD1, NEUROD1, 
CALB2, NES, SOX2, TMEM119, ALDH1L1, MBP, or DCX 
probes and labelled cells with at least 6 fluorescent puncta 
as positive for SLC17A7, PROX1, PCNA, MCM2, or 
STMN1. We plotted the data using the ggplot2 (version 
3.3.5) R package33 and in GraphPad (version 7). Detailed 
information on statistical analyses performed on the RNA­
scope data are included in Appendix 1.

Image acquisition

We took images using a FV1200 laser scanning confocal 
microscope using 20× (numerical aperture = 0.75) and 40× 
objective (numerical aperture = 0.95). The X–Y axis pixel 
number (1600 × 1600), Kalman averaging (2), and laser 
scanning speed (2 µs/pixel) were modified to improve 
image resolution. We adjusted laser power and detection 
voltage parameters between subjects for each set of experi­
ments to improve image quality. All parameters were opti­
mized to decrease the signal-to-noise ratio and remove au­
tofluorescence from lipofuscin and cellular debris. 

Results

We examined frozen DG tissue from infant (n = 1, age 2 yr), 
adolescent (n = 1, age 16 yr), young adult (n = 2, mean age 
23.5 yr), and middle-aged (n = 2, mean age 42.5 yr) males, 
and frozen-fixed DG tissue from middle-aged males (n = 6, 
mean age 43.5 yr).

Spatial mapping of neurogenesis markers at the sub-spot 
level

We contextualized the spatial profiles of neurogenesis markers 
in the human hippocampus using frozen hippocampal sections 
from young and middle-aged neurotypical adults (Figure 1 and 
Appendix 1, Table 1). We performed unsupervised clustering 
on the spots in each DG section (Figure 2A and 2B and 
Appendix 1, Supplementary Figure 1A, 1B, and 1C and Table 3). 
The morphology of the DG in each sample was validated using 
both hematoxylin and eosin staining and FISH with a probe 
directed against PROX1, a DG-enriched gene (Figure 2C).34 We 
assessed the expression levels of canonical cell-type markers for 
each cluster and observed their concordance with the expected 
spatial location of the clusters within the hippocampus 
(Figure 2D). Interestingly, a subset of spots in cluster 5 (56.3% of 
spots) located within the granule cell layer of each section, ex­
pressed the inhibitory neuronal marker GAD1, alongside high 
levels of expression of SLC17A7, an excitatory neuronal marker 
(Appendix 1, Table 4).

We next sought to spatially map markers expressed in 
neural stem cells, proliferative progenitor cells, neuroblasts, 
immature granule neurons, mature granule neurons, and cells 
from the dentate lineage on each section at the sub-spot level 

Figure 1: Schematic overview of the experimental workflow used for the spatial transcriptomic analysis of 4 hippocampal samples with 10x 
Genomic Visium and of 8 hippocampal samples with multiplexed fluorescent in situ hybridization (RNAscope). Figure created with BioRender 
(www.biorender.com). See Related Content tab for accessible version. DAPI = 4′,6-diamidino-2-phenylindole; H&E = hematoxylin and eosin.
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(Figure 3). We observed NEUROD1 expression in neuronal 
clusters, mainly the PROX1-enriched granule cell layer, which 
corroborated previous findings of Prox1+ and NeuroD1+ 
immunolabelled cells in the rodent DG35 and our spatial fea­
ture mapping of Neurod1 expression in a publicly available Vi­
sium data set of the mouse brain (Appendix 1, Supplementary 
Figure 2). Although many of the neurogenesis markers were 
expressed in either the subgranular zone or granule cell layer, 
the proliferative marker genes PCNA and MCM2 displayed 
very low expression in all samples (Figure 3). Similarly, in the 
mouse brain, the DG exhibited lower levels of Pcna and Mcm2 
than in other regions of the brain (Appendix 1, Supplementary 
Figure 2). Moreover, DCX showed dispersed expression 

within the DG, and was also detected in hippocampal regions 
outside of the DG (Figure 3). Of note, we expected to find 
neural stem cell markers outside of the DG since there are sim­
ilarities between the transcriptomic profiles of human neural 
stem cells and astrocytes.36 Moreover, NES was expressed in 
sub-spots enriched for oligodendrocyte precursor cell–specific 
markers (Figure 2D and Figure 3), indicating possible similar­
ities between the transcriptomic signatures of both cell types. 
This finding specifically emphasizes the difficulty in distin­
guishing transcriptomic signatures of neural stem cells from 
glial cells in the human DG with computational approaches 
that are not appropriately designed to capture rare neurogenic 
cell types. Finally, since we detected GAD1 in our granule cell 

Figure 2: Detection of neurogenesis markers in Visium Spatial Gene Expression data of the adult human hippocampus. (A) Plots showing the 
7 clusters (white matter, blood vessel, CA1 and subiculum, polyform cell layer and subgranular zone [SGZ], granule cell layer [GCL], CA3 and 
CA4, and molecular layer [ML]) generated with the BayesSpace t-distributed error model algorithm. Sections on the left are from middle-aged 
males (n = 2, mean age 42.5 yr), and sections on the right are from young adult males (n = 2, mean age 23.5 yr). (B) Percentage of spots in 
each of the 7 BayesSpace clusters in each section. Supporting data are presented in Appendix 1, Table 3. (C) Validation of dentate gyrus 
(DG) morphology with hematoxylin and eosin (H&E) staining and RNAscope using a probe directed against the PROX1 (in green) dentate-
lineage marker, with 4′,6-diamidino-2-phenylindole (DAPI) nuclear staining in blue (scale = 800 μm). The lines are labelling the SGZ, GCL, and 
ML of the DG. (D) Dotplot visualization of the scaled average expression of canonical cell-type marker genes in each BayesSpace cluster in all 
sections, including SATB2, SLC17A7, and SLC17A6 (excitatory neurons); GAD1 and GAD2 (inhibitory neurons); TMEM119, CX3CR1, and 
MRC1 (microglia); CLDN5 and VTN (endothelial cells); GLUL, SOX9, AQP4, GFAP, ALDH1L1, and VIM (astrocytes); PDGFRA, OLIG1, and 
OLIG2 (oligodendrocyte precursor cells); PLP1, MOG, MOBP, and MBP (oligodendrocytes); and SNAP25, STMN2, and RBFOX3 (neurons). 
The size of the dot corresponds to the percentage of spots within a cluster enriched for the marker. The colour of the dot represents the scaled 
average expression levels of the marker across spots within a cluster. Supporting data are presented in Appendix 1, Table 4.
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layer cluster (cluster 5), we assessed GAD1’s spatially resolved 
expression within each section and observed that the expres­
sion of the marker strongly mapped to the DG (Figure 3).

With multiplexed FISH (RNAscope), we validated the spa­
tial distribution of markers that had low expression in the 
DG when assessed computationally with Visium (Figure 4). 
Similar to the spatial feature mappings, we found DCX-
expressing and NES-expressing cells dispersed within the 
DG and outside the DG, and cells expressing PCNA outside 
the DG. Inversely, MCM2 expression was virtually absent in 
both regions of interest (Figure 4).

In our differential gene expression analysis (Appendix 1, 
Supplementary Figure 3A), we identified 24 common genes 
(1.5% overlap) between DEGs in cluster 5 and DEGs identi­
fied by Wang and colleagues19 and Zhou and colleagues20 
from immature neuronal clusters (Appendix 1, Supplement­
ary Figure 3C, and Appendix 2, Table 4). Overlapping genes 
included CD24, previously found to be enriched in rodent im­
mature granule neurons;37,38 NRGN, involved in synaptic plas­
ticity in the rodent hippocampus;39 and NCDN, a regulator of 
adult hippocampal neurogenesis, identified in an earlier 
study in the rodent brain.40 We also found overlap between 

Figure 3: Detection of neurogenesis markers in Visium Spatial Gene Expression data of the adult human hippocampus, showing log-
normalized expression of neurogenesis markers spatially plotted onto each section at the subspot level using BayesSpace, including NES, 
SOX2, and ASCL1 (neural stem cells); PCNA and MCM2 (proliferative cells); NEUROD1 (neuroblasts); DCX and CALB2 (immature granule 
neurons); CALB1 (mature granule neurons); PROX1 (dentate lineage cells); SLC17A7 (excitatory neurons); and GAD1 (inhibitory neurons). 
Higher values in the scale correspond to higher expression levels, whereas lower values reflect lower expression levels. Supporting data can 
be accessed using our data set, deposited in Gene Expression Omnibus and following our analysis steps. 
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the DEGs from cluster 4 and those from Wang and col­
leagues’19 neural stem cell and astrocyte cluster (Appendix 1, 
Supplementary Figure 3D, and Appendix 2, Table 5). 
Among the 12 common genes were glial markers, such as 
GFAP, ALDH1A1, AQP4, and GJA1 (Appendix 2, Table 5). 
Interestingly, 4 of the common genes — PITPNC1, DTNA, 
NTRK2, and TNC — were also found to be enriched in both 
astrocytes and neural stem cells in the adult rodent sub­
granular zone,41 further revealing important transcriptomic 
similarities between astrocytic and neural stem cell popula­
tions within the hippocampal neurogenic niche.

A hippocampal cluster of 201 nuclei with a transcriptomic 
profile suggestive of neural stem cells was previously iden­
tified;18 to better identify this cluster, we spatially recon­
structed it, as well as other previously identified clusters 
with spot deconvolution (Figure 5 and Appendix 1, Supple­
mentary Figures 4 and 5).30 We observed that spots located 
in the granule cell layer had higher proportions (10%–20%) 
of the transcriptomic profile for the DG granule neuron 
cluster, whereas the predicted spatial location of the neural 
stem cell cluster did not correspond to the subgranular 
zone, but rather to regions outside of the DG. These results 
further support the recent re-analysis of the data set in 

which the authors re-examined the transcriptomic identity 
of the neural stem cell cluster by performing gene set en­
richment using a set of previously identified human epen­
dymal cell markers.13,42

We looked at the enrichment of different sets of genes 
identified in 3 other recent single-cell and single-nucleus 
RNA sequencing data sets of the developing31 and adult 
human hippocampus19,20 using gene signature scoring 
(Appendix 1, Supplementary Figure 6 and Appendix 2, 
Tables 2 and 3). Interestingly, we found that the DEGs of im­
mature granule neurons identified by Zhou and colleagues20 
and Wang and colleagues19 were enriched in excitatory neur­
onal clusters, whereas DEGs of the developing hippocampus 
identified by Zhong and colleagues31 were enriched both 
within and outside the DG, with no clear enrichment in spots 
located in the neurogenic niche. Zhou and colleagues’20 set of 
positive gene weights, used to identify immature granule 
neurons, was mostly enriched in cluster 5, located along the 
granule cell layer. Our integration of external genomic data 
sets with the Visium data demonstrates how differences in 
the processing and clustering of single-cell and single-
nucleus RNA sequencing data sets can strongly influence the 
identification of neurogenic cell types.

Figure 4: Qualitative comparison of gene expression between Visium and multiplexed fluorescent in situ hybridization (RNAscope) within and 
outside the dentate gyrus (DG). Enlarged sub-spot level plots showing NES, PCNA, MCM2, and DCX log-normalized expression on each 
section, with representative RNAscope images of NES, PCNA, MCM2, and DCX expression within and outside the DG from 2 samples. The 
delineated area in red corresponds to the subgranular zone (SGZ) and granule cell layer (GCL) on both sections (scale bars of whole DG 
sections = 1 mm; scale bars of expanded insets = 50 μm). Supporting data can be accessed using our data set, deposited in Gene Expression 
Omnibus and following our analysis steps.
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Altogether, these data showed that neurogenesis markers 
were spatially resolved to cells in the DG. However, they also 
mapped to regions outside of the typical hippocampal neuro­
genic niche, which raises questions as to the specificity of 
these markers, especially immature neuronal markers, to 
adult hippocampal neurogenesis. Our findings showed the 
different patterns of expression of these markers, which have 
been commonly used in the literature to identify neurogenic 
cell types in the adult human DG and have sparked contro­
versy regarding their expression levels at the protein level in 
the DG, as well as outside the neurogenic niche. They further 
confirm the importance of using multiple markers to charac­
terize different neurogenic cell types in the human DG.

Expression of neural stem cell and proliferation markers, 
and the number of DCX+ cells in the adult human dentate 
gyrus from childhood to middle age

To investigate neurogenic cells at the transcriptomic level, we 
used multiplexed FISH in the subgranular zone and granule 
cell layer of hippocampal samples from 1 infant, 1 adolescent, 
and 6 adults (Figure 1 and Appendix 1, Table 2). Using a com­
bination of probes to identify neural stem cells, we found very 
few NES+SOX2+ cells with or without expression of ALDH1L1 
in the subgranular zone, and almost none in the granule cell 
layer, of the adolescent and adults (Figure 6A), which is con­
gruent with the immunohistochemistry-related findings of 
Boldrini and colleagues.2 These presumed neural stem cells 

represented less than 1% of all subgranular zone cells in the 
adolescent and adult samples, although no statistically signi­
ficant correlation was found between the percentage of these 
cells and age in each DG layer (Appendix 1, Supplementary 
Figure 7 and Appendix 3, Table 1, available at www.jpn.ca/
lookup/doi/10.1503/jpn.240026/tab-related-content). We 
used PCNA and MCM2 probes to estimate cell proliferation in 
the adult DG but were unable to quantify their expression 
levels since no more than 1 cell per DG section displayed a sig­
nal above threshold for either of these markers (Figure 6B). The 
low detection levels of these markers were consistent with their 
predicted spatial feature mapping (Figure 3).

The low combined expression of NES, SOX2, and ALDH1L1, 
as well as the low expression of PCNA and MCM2 that we 
observed in all samples suggests that proliferation in the DG 
is either mostly or entirely completed prenatally. These find­
ings are consistent with previous reports that suggested that 
proliferation in the human DG drops substantially during in­
fancy7 and that human DG development occurs prenatally.43

To address the debate of DCX-immunolabelled cells in the 
DG,2,3,5–7,9,13 we labelled DCX transcripts in the subgranular 
zone and granule cell layer (Figure 6C). We found that DCX+ 
cells in the granule cell layer decreased from an average of 44.1 
(standard deviation [SD] 21.8) cells/mm2 in the infant sample 
to an average of 8.9 (SD 4.1) cells/mm2 in the adolescent sam­
ple, while DCX+ cells in the subgranular zone remained similar 
across all age groups (Figure 6D; Appendix 1, Supplementary 
Figure 8A, 8B, and 8C; and Appendix 3, Table 2).

Figure 5: Spatial reconstruction of a human hippocampal single-nucleus RNA sequencing data set with spot deconvolution, including the 
dentate gyrus (DG) granule neuron (exDG)18 and the neural stem cell (NSC) clusters from Habib and colleagues.18 The coloured scale cor
responds to the proportions of cell type markers from the single-nucleus clusters represented in each spot. DAPI = 4′,6-diamidino-2-
phenylindole. Supporting data presented in Appendix 4, Tables 1 and 2, available at https://www.jpn.ca/lookup/doi/10.1503/jpn.240026/tab​
-related-content.
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Phenotypes of DCX+ cells in the adult human dentate gyrus

We next investigated the possible phenotypes of DCX+ cells 
detected in hippocampal neurogenesis–associated layers of 
the adult DG by quantifying DCX expression with different 

cell type markers, namely SLC17A7 (excitatory neurons), 
GAD1 (inhibitory neurons), NEUROD1 (neuroblasts), and 
PROX1 (dentate lineage) (Figure 7A, 7B, and 7C). 34,35,44 
Quantification of SLC17A7 and DCX co-expression revealed 
a decrease in the percentage of DCX+ cells expressing 

Figure 6: Distribution of neural stem cell and proliferation marker genes, and density of DCX+ cells in the subgranular zone (SGZ) and granule 
cell layer (GCL) of the human dentate gyrus (DG). (A) Percentage of NES+SOX2+ cells with or without ALDH1L1 expression in the SGZ and 
GCL of the whole DG in samples from an infant, an adolescent, and 6 adults. The lower panel shows a NES+, SOX2+, and ALDH1L1+ cell in 
the GCL of the infant DG (age  2 yr). Scale bars  indicate  20 μm (scale bars for expanded insets  =  10 μm). Supporting data presented in 
Appendix 3, Table 1. (B) Expression of PCNA and MCM2 in the infant (age  2 yr) and adult DG (age  55 yr). Scale bars  indicate 20 μm. 
(C) DCX expression detected in PROX1+ and PROX1– cells in the DG of different age groups. Scale bars indicate 1 mm (scale bars for ex-
panded insets = 20 μm). Dotted lines delineate the SGZ and GCL of the DG. (D) Number of DCX+ cells/mm2 in the SGZ and GCL of the whole 
DG in infant (n = 1, age 2 yr), adolescent (n = 1, age 16 yr), and adult (n = 6, mean age 43.5 yr) samples. The graph shows values of 4 stain-
ing replicates per participant. Supporting data presented in Appendix 3, Table 2. DAPI = 4′,6-diamidino-2-phenylindole. 
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Figure 7: Distribution of DCX expression and different cell-type marker and immature neuronal genes in the subgranular zone (SGZ) and 
granule cell layer (GCL) of the human dentate gyrus (DG). (A) DCX expression detected in cells expressing PROX1 (dentate lineage), 
SLC17A7 (excitatory neurons), and GAD1 (inhibitory neurons) in the SGZ and GCL of the DG from a 31-year-old adult (scale bars = 20 μm). 
(B) Percentage of DCX+ cells expressing PROX1, NEUROD1, SLC17A7, and GAD1 in the SGZ and GCL of the whole DG by participant age. 
Supporting data are presented in Appendix 3, Table 3. (C) DCX+ and GAD1+ cells located in the inner GCL (closer to the SGZ) and outer GCL 
(closer to the molecular layer) of a 55-year-old adult (scale bars = 20 μm). White arrows point to double-positive cells. (D) DCX+ cells express-
ing PROX1 and CALB2 in the SGZ and GCL of the DG from a 37-year-old adult (scale bars = 20 μm; scale bars for expanded insets = 5 μm). 
(E) Percentage of PROX1+ and DCX+ cells expressing CALB2 in the SGZ and GCL of the whole DG by participant age. Supporting data are 
presented in Appendix 3, Table 4. DAPI = 4′,6-diamidino-2-phenylindole. 
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SLC17A7 in both DG layers among adults (Figure 7B and 
Appendix 1, Supplementary Figure 8D and 8E). Strikingly, 
about half of DCX+ cells were found to express GAD1 in the 
subgranular zone and the granule cell layer among participants 
of all ages, with cells located either in the inner or outer granule 
cell layer, in the vicinity of the molecular layer (Figure 7B and 
7C and Appendix 1, Supplementary Figure 8D and 8E). Con­
versely, the decline in the percentage of DCX+ and NEUROD1+ 
cells correlated with aging in both layers, becoming barely 
detectable in adults (Figure 7B and Appendix 1, Supplement­
ary Figure 8D and 8E). Among adults, we found a decrease 
in the percentage of DCX+ cells expressing the dentate lin­
eage marker in both DG layers, although this correlation 
reached significance only in the subgranular zone (Figure 7B 
and Appendix 1, Supplementary Figure 8D and 8E). Our find­
ings suggest that most DCX+ cells in the adult human DG may 
display a GABAergic phenotype (average of 61% in the granule 
cell layer and 75% in the subgranular zone), whereas only a 
minority of DCX+ cells were committed to a glutamatergic fate 
(average of 5% in the granule cell layer and 1% in the sub­
granular zone) (Appendix 3, Table 3). We also noted that a 
substantial subset of DCX+ cells did not express SLC17A7 or 
GAD1; these may represent immature neurons not yet commit­
ted to a particular phenotype. It is also possible that at least 
some of these DCX-expressing cells correspond to glial cells or 
to cells with multipotentiality, such as oligodendrocyte precur­
sor cells.7,13,45,46 Indeed, previous studies have reported DCX ex­
pression in cell types that are not part of the dentate lineage — 
including microglia and astrocytes — in the human brain.7,47 
Consistent with these findings, our results showed that DCX 
transcripts were detected in TMEM119+ microglia and 
ALDH1L1+ astrocytes in the adult human DG (Appendix 1, 
Supplementary Figure 9A and 9B).

To investigate the presence of a pool of immature gran­
ule neurons in the DG throughout normal aging, we used 
a combination of PROX1, DCX, and CALB2 probes, based 
on previous studies (Figure 7D).2,5,48,49 Quantification of 
these probes in the subgranular zone and granule cell 
layer revealed that most PROX1+ and DCX+ cells ex­
pressed CALB2 in the subgranular zone among adults 
(average of 73%) (Figure 7E and Appendix 3, Table 4). In 
PROX1+ and DCX+ cells located in both layers of the DG in 
infant and adult hippocampi, we detected transcripts of 
STMN1, which encodes a tubulin-depolymerizing protein 
that is enriched in human immature granule neurons 
(Appendix 1, Supplementary Figure 10A and 10B, and 
Appendix 3, Table 5).20 We also validated STMN1 expres­
sion in the DG with our spatial transcriptomic data 
(Appendix 1, Supplementary Figure 10C).

DCX expression in non-neurogenic brain regions

Previous reports have shown expression of DCX in non-
neurogenic regions, such as the human amygdala and cere­
bral cortex.13,50–52 These findings raise concerns regarding the 
validity of DCX as an appropriate proxy for adult brain 
neurogenesis. To further confirm DCX expression in non-
neurogenic regions, we first spatially mapped the expression 

of DCX and PROX1 onto publicly available spatial genomic 
data of DLPFC sections.27 We observed DCX expression in a 
few sub-spots in all 4 DLPFC sections, whereas PROX1 was 
mainly expressed in sub-spots located in the cluster anno­
tated as white matter (Figure 8A). These results confirmed 
that expression of these markers may be found outside of 
the neurogenic niche of the human DG, which is in agree­
ment with our spatial transcriptomic findings (Figure 3). We 
also confirmed the presence of DCX expression in the 
DLPFC using FISH on frozen unfixed sections (Figure 8B).

In addition, we found DCX+ cells in the molecular layer of 
the DG, a region where DCX-immunolabelled cells have 
been previously observed (Figure 8C).17 Finally, we also de­
tected DCX expression in other hippocampal areas, such as 
the CA3 (Figure 8D), as well as in PROX1+ cells from regions 
highly expressing the oligodendrocyte-specific marker MBP 
(Figure 8E). These observations suggest that multipotential 
cells (e.g., oligodendrocyte precursor cells) expressing DCX 
could migrate out of the DG circuitry to reach their final des­
tination and mature into the required cell type,46 but this hy­
pothesis requires further examination. Altogether, our data 
suggest that markers that are commonly used to examine 
adult hippocampal neurogenesis may be insufficient to spe­
cifically define neurogenic cell types as they are expressed in 
brain regions not known to be neurogenic.

Discussion

We examined adult hippocampal neurogenesis in samples of a 
wide age range; our findings provide important insights into the 
spatial expression of several neurogenesis markers, as well as 
the possible phenotypes of DCX+ cells in the DG of the healthy 
human brain. Our findings indicated that the adult human DG 
exhibits, at most, very low levels of neurogenesis, given the scar­
city of neural stem cells and lack of expression of proliferative 
markers. A summary of our main findings is presented in 
Figure 9. The association between high brain complexity and 
low hippocampal neurogenesis in humans is a paradoxical ob­
servation that has been highlighted in previous studies.53,54

Although our data suggest that DG neurogenesis is not a sub­
stantial phenomenon in humans postnatally, the small popula­
tion of immature granule neurons in this region may play a 
more important role in driving hippocampal plasticity. Such 
cells have previously been suggested to contribute to the main­
tenance of a neurogenic reserve,55 provide lifelong flexibility to 
the brain region, and act as a buffer against age-related hippo­
campal functional deficits.55,56 It is therefore possible that, in the 
human DG, these immature granule neurons contribute sub­
stantially to preventing age-related brain damage.57 Some ex­
perimental evidence supports this hypothesis in the adult ro­
dent hippocampus;58,59 however, future work should investigate 
the relevance of this hypothesis in the adult human DG.

Whether these immature granule neurons are newly gener­
ated or not remains unknown. However, we speculate that 
these immature neurons may have different origins, as previ­
ously stated in Seki.11 Cells expressing immature neuronal 
markers may reflect neurons generated prenatally that persist 
during adulthood by remaining in a dormant-like state; neurons 
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Figure 8: Specificity and distribution of DCX in the human brain. (A) Left panel shows manual annotations of samples 151671, 151672, 
151673 and 151674 from Maynard and colleagues27 (n = 4, 2 males and 2 females, mean age 38.41 yr), including the 6 cortical layers (layers 
1–6) and a white-matter region. Middle and right panels show the log-normalized expression of DCX and PROX1, spatially plotted onto each 
section at the sub-spot level. Higher values in the scale correspond to higher expression levels, whereas lower values reflect lower expression 
levels. (B) DCX expression with 4′,6-diamidino-2-phenylindole (DAPI) staining in a dorsolateral prefrontal cortex (DLPFC) section of a 26-year-
old adult (scale bars = 50 μm). White arrows point to DCX+ cells. (C) DCX expression detected in the molecular layer (ML) of the dentate gyrus 
(DG) of a 37-year-old adult (scale bars = 50 μm; scale bars of expanded inset = 10 μm). (D) DCX expression in cells located in the CA3 region 
of the hippocampus in a 51-year-old adult (whole DG slide scanner images with scale bar = 500 μm; scale bars; higher magnification confocal 
images scale bars = 20 μm). (E) DCX expression in PROX1+ cells located in highly MBP-expressing regions in the adult human hippocampus 
(whole DG slide scanner images with scale bars = 800 μm; higher magnification confocal images with scale bars = 20 μm [5 μm for expanded 
insets]). GCL = granule cell layer; NA = not available.
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generated postnatally that are a result of minimal proliferation 
in the DG and remain in a prolonged state of immaturity, which 
corroborates the idea of a delayed maturation of immature den­
tate granule neurons, thought to occur in long-living and large-
brained species;57,60,61 and neurons that are re-expressing im­
mature neuronal markers, according to the recent hypothesis of 
neuronal dematuration in the DG.11,62

The expression of GAD1 in DCX+ cells in the granule cell 
layer was an unexpected finding. Although an earlier study re­
ported weak immunoreactivity for GAD1 in granule cell layer 
neurons in the healthy human DG,63 rodent studies have identi­
fied and characterized Gad1 expression in the granule cell layer 
and, more precisely, in the inner part of the layer adjacent to the 
subgranular zone,64,65 suggesting that Gad1+ cells displaying an 
immature phenotype in this layer are undergoing late neuronal 
differentiation.64 Similarly, another study detected colocalization 
of DCX and GAD1 in DG granule cells from younger and older 
human participants.66 Thus, it is plausible that most of the DCX-
expressing cells of the granule cell layer that we identified are in 
a late granule cell differentiation stage since the number of 
DCX+ cells expressing NEUROD1, an early neuronal differentia­
tion marker,44 decreases in the DG of older adults, while the 
number of DCX+ cells expressing GAD1 remains high. The pres­

ent identification of GAD1+DCX+ cells in the granule cell layer 
across all samples confirms the presence of this subpopulation 
and warrants further investigation of their functional properties.

Limitations

The scope of this study was limited to mRNA detection of 
various neurogenesis markers in the DG. Our spatial tran­
scriptomic experiments, as well as our in situ hybridization 
studies involved small sample sizes and included only males. 
Future research should focus on sex-specific differences in the 
number of cells expressing markers of stemness, prolifera­
tion, and neuronal immaturity in the adult DG, and their lev­
els of expression (both computationally and in situ). Despite 
these limitations, our results provide support for the hypoth­
esis that the neurogenic capacity of the adult human DG may 
rely primarily on a reserve of immature granule neurons.

Conclusion

Understanding the functional importance of the presence 
of a population of immature granule neurons during 
physiologic aging can propel future research on how DG 

Figure 9: Graphical representation of the the main findings from Visium and RNAscope. See Related Content tab for accessible version. 
DEG = differentially expressed gene; DG = dentate gyrus; GCL = granule cell layer; ML = molecular layer; OPC = oligodendrocyte precursor 
cell; SGZ = subgranular zone. Figure created with BioRender (www.biorender.com).
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neuroplasticity is altered in brain disorders and in re­
sponse to stress, more particularly in the context of men­
tal illness.
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