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Research Paper 

Transcriptomic analysis of the signature of neurogenesis in human 
hippocampus suggests restricted progenitor cell progression 
post-childhood☆ 
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A B S T R A C T   

Purpose: Immunohistological investigations have given rise to divergent perspectives about adult hippocampal 
neurogenesis in humans. Therefore, this study aimed to examine whether a comprehensive transcriptomic 
analysis of signature markers of neurogenesis, supplemented with markers of gliogenesis, vasculogenesis, cell 
proliferation, and apoptosis, may help discern essential aspects of adult hippocampal neurogenesis in humans. 
Materials and Methods: RNA expression data for salient marker genes of neurogenesis, gliogenesis, vasculogenesis, 
and apoptosis in post-mortem human hippocampal tissue [from prenatal (n = 15), child (n = 5), adolescent (n =
4), and adult (n = 6) brains] were downloaded from the Allen Human Brain Atlas database (http://www.brain 
span.org/rnaseq/search/index.html). Gene expression data was categorized, median values were computed, and 
age group-specific differential expression was subjected to statistical analysis (significance level, α = 0.01). 
Results: With the exception of the genes encoding GFAP, BLBP, SOX2, and PSA-NCAM (unchanged), and the post- 
mitotic late maturation markers CALB1, CALB2, MAP2, and NEUN as well as the pan-neuronal marker PROX1 
which were persistently expressed throughout, expression of all other genes associated with neurogenesis was 
steeply and progressively downregulated between perinatal life and adulthood. Interestingly, expression of the 
classical proliferation marker KI67 and a progenitor cell marker TBR2 were found to have reached baseline 
expression levels (zero expression score) at adolescence while the expression of immature neuronal, post-mitotic 
early and late maturation markers remained at a constant level after childhood. In contrast, markers of glio
genesis (other than PDGFRA and Vimentin) were significantly upregulated between prenatal life and childhood. 
Expression of the vasculogenesis markers VEGFA and FGF2 did not differ across any of the age groups studied, 
whereas the expression of apoptotic markers was progressively decreased after prenatal life. 
Conclusions: Our findings indicate that the progression of neurogenesis from progenitor cells is highly restricted 
in the human brain from childhood onwards. An alternative possibility that limited neurogenesis may be 
continued in adolescents and adults from a developmentally arrested pool of immature neurons needs to be 
examined further through experimental studies.   

☆ The findings of this study were first presented at the Annual Meeting of Society for Neuroscience (SFN) 2018, San Diego, USA. 
* Corresponding author at: Department of Anatomy, All India Institute of Medical Sciences (AIIMS), Patna, India. 

E-mail address: drashutoshkumar@aiimspatna.org (A. Kumar).   
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1. Introduction 

In adult humans and other mammals, the subgranular zone (SGZ) of 
the dentate gyrus (DG) region of the hippocampus is a primary site of 
neurogenic activity (Ming and Song, 2011). Newly formed neurons from 
the SGZ migrate to the granular layer of DG and integrate into the 
existing cortical neuronal circuitries (Diana et al., 2014; Luna et al., 
2019). Induced adult hippocampal neurogenesis (AHN) has been shown 
to improve spatial learning and memory in transgenic mouse models 
(Sahay et al., 2011) and to protect against neuropsychiatric disorders 
associated with a decline of these cognitive functions (Braun and Jess
berger, 2014; Sahay et al., 2011). Apart from a few exceptions (Amrein 
et al., 2007; Patzke et al., 2015), neurogenesis in the hippocampus oc
curs over a protracted period in most mammals. Drawing upon pub
lished data, a recent analysis of hippocampal neurogenesis across the life 
span in commonly studied mammals, including humans, revealed a 
gradual decline in the rate of neuronal birth from prenatal life to 
adulthood (Snyder, 2019). Importantly, newborn cells in the hippo
campus were found to retain unique plastic properties for long intervals 
and to have the potential to exert distinct functions depending on the 
neurodevelopmental stage at which they appeared. Snyder (2019) 
concluded that the continued formation of new neurons might be 
essential for the formation of new memories and to allow adaptive 
flexibility to new experiences (Snyder, 2019). 

While the phenomenon of adult hippocampal neurogenesis (AHN) 
may be considered an accepted dogma (Andreae, 2018; Bergmann et al., 
2015; Spalding et al., 2013), its extent has been challenged previously 
(Rakic, 1985) and more recently (Andreae, 2018; Kumar A et al., 2019). 
The results of recent studies in humans are disparate, with reports of 
complete absence of AHN in individuals aged 18+ (Cipriani et al., 2018; 
Dennis et al., 2016; Sorrells et al., 2018) as well as reports that AHN 
continues into the ninth and tenth decades of life (Boldrini et al., 2018; 
Moreno-Jiménez et al., 2019; Tobin et al., 2019). While some of the 
discrepant findings may be attributed to differences in methodology, or 
technical confounds (Kempermann et al., 2018), the work by Boldrini 
et al. (2018) stands out because it involved multiple analytical ap
proaches (stereological cell counting, complemented by measures of 
vasculogenesis) and examined only samples from subjects without 
potentially confounding conditions before death (Kempermann et al., 
2018). While these authors found persistent vasculogenesis in the 
neurogenic niche, they did not detect newborn neurons in the adult 
human hippocampus (Kempermann et al., 2018). In contrast, Mor
eno-Jiménez et al. (2019) who employed standardized tissue fixation, a 
supposed confounding factor (Kempermann et al., 2018), and intro
duced a unique pretreatment of brain tissue, identified thousands of 
immature neurons exhibiting variable degrees of maturation within the 
DG of neurologically healthy aged human subjects. Interestingly, in 
contrast to Tobin et al. (2019) who observed lifelong AHN, even in pa
tients with mild cognitive impairments and Alzheimer’s disease, Mor
eno-Jiménez et al. (2019) noted that neurogenesis occurs at a drastically 
reduced rate in patients with Alzheimer’s disease and that overall higher 
AHN is associated with better cognitive status. On the other hand, in an 
immunohistological study, Seki et al. (2019) observed a paucity of Ki67 
and doublecortin (DCX) expressing cells in the post-mortem neurogenic 
niche of the DG of healthy adults, despite the presence of a substantial 
population of PSA-NCAM expressing immature neurons. Another study 
that deserves mention is that of Sorrells et al. (2019), who studied 
neurogenesis in the para-laminar (PL) nuclei of the amygdala (involved 
in fear and anxiety) of adolescent and adult humans. Using a sophisti
cated combination of morphological, transcriptomic and ultrastructural 
methods, these authors found negligible evidence of immature neurons 
(DCX+ PSA-NCAM+) or mature excitatory (TBR1+VGLUT2+) neurons 
derived from dividing precursor cells in the adolescent and adult 
amygdala; these findings led them to suggest that, rather than the for
mation of new neurons per se, a developmentally arrested pool of 
immature neurons may give rise to late-maturing neurons during 

postnatal life. 
Neurogenesis is a multi-step process, each step recognizable by the 

expression of lineage-specific protein markers (von Bohlen und Halbach, 
2007). These markers have been mostly studied in varying combinations 
using immunohistological methods within confined age groups. How
ever, advances in spatio-temporal transcriptomic analysis now allow 
assembly of differential expression patterns of neurogenesis signature 
markers, including information on the expression of markers of glio
genesis, vasculogenesis, cell proliferation, and apoptosis markers, 
allowing the development of a more comprehensive picture, especially 
with respect to the question of the temporal extent of AHN. In this work, 
we performed an in silico analysis of the developmental transcriptome 
(from prenatal life through to adulthood) of the human hippocampus in 
an attempt to help resolve the controversy surrounding the persistence 
of AHN in humans. 

2. Materials and methods 

RNA expression data for neurogenesis signature genes in post- 
mortem human hippocampal tissue of the prenatal (n = 15), child
hood (from birth up to 3 years age, n = 5), adolescent (11–19 years, n =
4), and adulthood (20–40 years, n = 6) were downloaded from the 
development transcriptome database of the Allen Brain Atlas 
(http://www.brainspan.org/rnaseq/search/index.html). 

2.1. Acquisition of data (from Allen Brain Atlas) 

As per data source, fresh post-mortem brain (only specimens from 
neurologically healthy individuals that were free from significant ge
netic errors) were considered for original data retrieval. In addition, to 
ensure consistency between the samples and to decrease potential 
variation arising from ante- and post-mortem conditions, specific tissue 
preservation, storage, and RNA extraction and analysis criteria were 
followed (all described in detail at https://help.brain-map.org/displa 
y/devhumanbrain/Documentation). Briefly, RNA quality was 
confirmed using Bioanalyzer RNA 6000 Nano Kit or Bioanalyzer RNA 
6000 Pico Kit (Agilent), RNA sequencing was performed using an Illu
mina Genome Analyzer II (GAIIx) instrument, and Gencode (v10 and 
Gencode v3c annotations) was used for RNA sequencing alignment and 
expression quantification. The metadata for the subjects included in this 
study were age, gender, ethnicity, and post-mortem interval (PMI), pH, 
cerebral hemisphere used for the tissue biopsy, and RNA integration 
number (RIN); the quality of the data are given in Table S1. All work was 
performed according to guidelines for the research use of human brain 
tissue and with prior approval by the Human Investigation Committees 
and Institutional Ethics Committees of each institute from which sam
ples were obtained. 

2.2. In silico data analysis 

We categorized the gene expression data according to age, and 
computed median expression values for the neurogenesis signature 
genes of interest, as well as genes implicated in gliogenesis (OLIG2, 
Vimentin (or VIM), S100B, PDGFRA, NG2), cell proliferation (KI67 and 
PCNA), vasculogenesis (VEGFA and FGF2), and apoptosis (BAX and 
TP53); the list of genes selected for analysis in this study are shown in 
Table 1. Differential gene expression, corresponding to the neurogenesis 
maturation stages across the age groups studied was statistically 
analyzed, using non-parametric statistical analyses: respectively, the 
Kruskal-Wallis (KW) test and Mann-Whitney U (MWU) test to examine 
whether significant differences existed between the four different age 
groups as well as between any two age groups (Tables S2 and S3). In all 
cases, the level of significance was set to α = 0.01. The p values reported 
in Table S3 are after false discovery rate adjustment (FDR). Box plots, 
showing medians, minimum and maximum bars are depicted, allowing 
inference of trends of gene expression in the different age groups. 
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3. Results 

For analyzing the developmental stage-specific expression of the 
neurogenesis signature, studied genes were cataegorized as Stages 1–5, 
based on their known chronological appearance and maximum 

expression (Kempermann et al., 2018; Kumar et al., 2019; von Bohlen 
und Halbach, 2007). Some genes which express across more than one 
stage are marked with a star. Additional categories were made for 
pan-neuronal lineage, cell proliferation, gliogenesis, vasculogenesis, and 
apoptosis markers (Table 1). 

3.1. Neurogenesis signature markers (Stage 1–5) 

A steep downregulation of expression of neural stem cell (NSC), in
termediate neural progenitor (INP), immature granule cell, and post- 
mitotic early and late maturation cell markers was noted between pre
natal life and childhood. However, the expression of GFAP, BLBP, SOX2, 
PSA NCAM, NEUROD1, CALB1, CALB2, STMN2, MAP2, NEUN, and 
PROX1 did not differ between these two age groups (Fig. 1–5). None of 
the stage 1–5 markers were significantly altered in postnatal age groups. 

Markers of NSC (NESTIN, SOX1, SOX4 —Stage 1, Fig. 1), and INP 
cells (TBR2, MCM2, PAX6 — Stage 2, Fig. 2) declined progressively with 
age across all age groups (from prenatal to adult). As compared to all 
other stem cell marker genes, GFAP, BLBP, and SOX2 (Stage 1) showed 
no significant downregulation in postnatal expression (prenatal vs. 
adolescent groups). Uniquely, the marked postnatal downregulation of 
TBR2 continued with advancing age, reaching baseline (zero expression 
value) during adolescence, and remained undetectable in adult (Stage 2, 
Fig. 2.a). 

There was no statistically significant age-related change in the 
expression of immature granule cell markers (NEUROD1, DCX, PSA 
NCAM—Stage 3, Fig. 3) and post-mitotic early maturation markers 
(STMN2, SEMA3C, CALB2, TUBB3, Stage 4, Fig. 4) beyond childhood. 
However, the expression of DCX, a marker of immature neurons, showed 
a gain in expression between childhood and adulthood group, when 
both of these age groups were compared with prenatal values (Fig. 3b). 

The expression levels of post-mitotic late maturation markers 
(MAP2, CALB1, NEUN (Stage 5, Fig. 5)) did not differ significantly be
tween the prenatal stage and any other ages analyzed, but interestingly, 

Table 1 
Developmental stage-specific expression of immuno-histological protein 
markers in the neurogenic niche of adult hippocampus.  

Stage 1 (Neural 
stem cell 
markers) 

Stage 2 
(Progenitor 
intermediate 
cell forms 
markers) 

Stage 3 
(Migration/ 
Immature 
granule cell 
markers) 

Stage 4 
(Axonal & 
dendritic 
targeting/ 
Early 
maturation 
markers) 

Stage 5 
(Synaptic 
integration/ 
Late 
maturation 
markers) 

NESTIN, BLBP, 
GFAP, SOX1, 
2 & 4 

TBR2#, 
MCM2, PAX6 

NEUROD1, 
DCX*, PSA 
NCAM 

STMN2, 
SEMA3C, 
Calretinin**, 
(CALB2), 
TUBB3*** 

MAP2, 
Calbindin 
(CALB1), 
NEUN****#, 

Pan neuronal 
lineage marker 

PROX1 

Cell 
proliferation 
markers 

KI67#, PCNA 

Gliogenesis 
markers 

OLIG2, Vimentin#, S100B, PDGFRA, NG2 

Vasculogenesis 
markers 

VEGFA, FGF2 

Apoptosis 
markers BAX, TP53 

*Pan neuronal lineage marker (expressed in Stage 2–5), *Also expressed in Stage 
4, **Also expressed in Stage 5, ***A postmitotic neuronal lineage marker, also 
expressed in stage 3 and 5, ****\Also expressed in stage 4. 
#Alternative gene names:TBR2 or EOMES, KI67 or MKI67, NEUN or RBFOX3, 
Vimentin or VIM. 

Fig. 1. Box plot presentation (median with minimum and maximum bars showing all data points) of Neurogenesis Stage 1 - Neural stem cell markers (NESTIN, BLBP, 
GFAP, SOX1, SOX2, SOX4), gene expression scores in log2 of RPKM(reads per kilobase of exon model per million mapped reads).Statistical comparisons were made 
using the Kruskal-Wallis test followed by a post hoc Mann Whitney U test and FDR correction. Adjusted p-values for MWU comparisons represented by, **** ≤0.0001, 
***≤0.001, **≤0.01, and ns for non-significant. 
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NEUN showed a gain in expression between adolescence and adulthood, 
when both of these age groups were compared to prenatal values 
(Fig. 5c). 

No significant differences were noted in the expression for GFAP 
(Stage 1), PSA-NCAM (Stage 3), PSA NCAM & CALB2 (Stage 4), and 
CALB1, MAP2 (Stage 5) and PROX 1 (Stage 2–5, a pan-neuronal marker) 
(Figs. 1c, 3 c, 4 c, 5 a-b, 6 , Table S2) in any of the age groups (all MWU 
comparisons). 

3.2. Gliogenesis markers 

The expression of S100B and NG2 increased significantly during the 
prenatal to postnatal transition. PDGFRA and OLIG2 expression were 
unaltered although the expression of Vimentin was significantly reduced 
(Fig. 7, Tables S2 and S3), and none of the gliogenesis markers differed 
in expression levels (Fig. 7) during this period. 

Fig. 2. Box plot presentation (median with minimum and maximum bars showing all data points) of Neurogenesis Stage 2 - Progenitor intermediate cell markers 
(TBR2, MCM2, PAX6), gene expression scores in log2 of RPKM(reads per kilobase of exon model per million mapped reads). Statistical comparisons were made using 
the Kruskal-Wallis test followed by a post hoc Mann Whitney U test and FDR correction. Adjusted p-values for MWU comparisons represented by, **** ≤0.0001, 
***≤0.001, **≤0.01, and ns for non-significant. 

Fig. 3. Box plot presentation (median with minimum and maximum bars showing all data points) of Neurogenesis Stage 3 - Migration/Immature cell markers 
(NEUROD1, DCX, PSA NCAM), gene expression scores in log2 of RPKM(reads per kilobase of exon model per million mapped reads). Statistical comparisons were 
made using the Kruskal-Wallis test followed by a post hoc Mann Whitney U test and FDR correction. Adjusted p-values for MWU comparisons represented by, **** 
≤0.0001, ***≤0.001, **≤0.01, and ns for non-significant. 

Fig. 4. Box plot presentation (median with minimum and maximum bars showing all data points) of Neurogenesis Stage 4 - Axonal and dendritic targeting/Early 
maturation markers (STMN2, SEMA3C, CALB2, TUBB3), gene expression scores in log2 of RPKM(reads per kilobase of exon model per million mapped reads). 
Statistical comparisons were made using the Kruskal-Wallis test followed by a post hoc Mann Whitney U test and FDR correction. Adjusted p-values for MWU 
comparisons represented by, **** ≤0.0001, ***≤0.001, **≤0.01, and ns for non-significant. 
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3.3. Vasculogenesis markers 

The expression of the vasculogenesis markers VEGFA and FGF2 did 
not show significant age-dependent changes (Fig. 8a-b, Tables S2 and 
S3). 

3.4. Cell proliferation markers 

The cell proliferation markers KI67 and PCNA showed downward 
trends in expression across all age groups. KI67 expression reached the 
baseline (zero expression value) by adolescence. PCNA expression pla
teaued but remained above baseline from childhood onwards (Fig. 9a-b, 
Tables S2, and S3). 

3.5. Apoptosis markers 

BAX and TP53 showed significant downregulation in expression 
between prenatal life and childhood (Fig. 10a-b, Tables S2 and S3). Both 
markers displayed this downward trend, which continued through to 
adulthood, although no statistically significant differences were found 
between adjacent age groups (Fig. 10a-b, Tables S2 and S3). 

4. Discussion 

The study of the hippocampal developmental transcriptome provides 
insights into the events occurring in this brain area’s neurogenic niche. 
We here performed an in silico analysis of the hippocampal develop
mental transcriptome data made available by Allen Human Brain Atlas. 
Specifically, we focused on the chronologic (stage-specific) expression of 
signature genes involved in neurogenesis; we also examined key genes 
implicated in gliogenesis, vasculogenesis, cell proliferation, and 
apoptosis. The results of this analysis contribute to resolving the ambi
guity regarding the temporal extent of AHN in humans. 

Results shown in Table S2 and S3, and Figs. 1–5 indicate age- and 
stage-related (from prenatal life through to adulthood) patterns in the 
expression of genes contributing to hippocampal neurogenesis. Teleo
logically, one would expect that, in case of continued neurogenesis, 
markers for all neurogenesis stages (Stage 1–5), cell proliferation, and 
vasculogenesis marker genes, will show significant expression across the 
age groups (prenatal to adult), conversely if AHN is a residual process, 
neurogenesis-associated genes would be expressed at increasingly lower 
levels along with an increase in expression of apoptotic marker genes 
with the advancement of age. However, our analysis revealed that 
whereas genes expressed by neural stem cells (NSC) and intermediate 
neural progenitors (INP) (Stages 1 and 2) are downregulated over time, 
there was no parallel reduction in the total number of immature granule 
cells (Stage 3) and post-mitotic forms (early mature and mature granule 
cells; Stages 4 and 5), i.e., the number of these cell types remain stable 
from prenatal/childhood to adult ages and may be interpreted to sup
port the notion of persistent AHN. The continued expression of imma
ture granule cell markers (Stage 3, Fig. 3) and post-mitotic early 
maturation markers (Stage 4, Fig. 4) during the post-childhood phase 
may be explained by either (a) sustained genesis of cells with a neuronal 
lineage that can differentiate into immature and early mature neurons, 
albeit to a limited extent as indicated by our data (Fig. 3-5), or (b) the 
operation of an as yet unidentified mechanism that serves to maintain a 
constant total number of maturing neurons (Sorrells et al., 2019; Seki 
et al., 2019). Here, the observation of detectable levels of the 
post-mitotic maturation marker genes NEUN, calbindin (CALB1) and 
MAP2 (Stage 5, Fig. 5), stable expression of the pan-neuronal lineage 

Fig. 5. Box plot presentation (median with minimum and maximum bars showing all data points) of Neurogenesis Stage 5 - Synaptic integration/Late maturation 
markers (MAP2, CALB1, NEUN), gene expression scores in log2 of RPKM(reads per kilobase of exon model per million mapped reads). Statistical comparisons were 
made using the Kruskal-Wallis test followed by a post hoc Mann Whitney U test and FDR correction. Adjusted p-values for MWU comparisons represented by, **** 
≤0.0001, ***≤0.001, **≤0.01, and ns for non-significant. 

Fig. 6. Box plot presentation (median with minimum and maximum bars 
showing all data points) of the pan-neuronal lineage marker PROX1), gene 
expression score in log2 of RPKM(reads per kilobase of exon model per million 
mapped reads). Statistical comparisons were made using the Kruskal-Wallis test 
followed by a post hoc Mann Whitney U test and FDR correction. Adjusted p- 
values for MWU comparisons represented by, **** ≤0.0001, ***≤0.001, 
**≤0.01, and ns for non-significant. 
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marker gene PROX1 across age groups (Fig. 6), as well as of TUBB3 (a 
neuronal lineage marker for post-mitotic Stages 3–5) (Fig. 4d) deserves 
mention as it adds support for the existence of lifelong neurogenesis 
(AHN). Unexpectedly, our analysis also showed that there is a continual 
downregulation of apoptosis marker genes such as BAX and TP53, albeit 
without detectable significant differences between adjacent age groups, 
indicating that cell death does not increase during aging of the human 
hippocampus; this finding is consistent with the data of Boldrini et al. 
(2018) showing that the number of mature neurons is maintained be
tween the ages of 14 and 79 years. Together, these observations suggest 

that neurogenesis persists in the adult, a rate just sufficient to replenish 
small neuronal losses. They are further supported by the results of the 
present analysis which failed to find any significant age-related re
ductions in the expression of the key vasculogenesis genes VEGFA and 
FGF2 (Tables S2 and S3, Fig. 8); VEGFA and FGF2 were specifically 
examined in light of previous work that suggested parallel regulation of 
neurogenesis and vasculogenesis (Boldrini et al., 2012, 2018; Heine 
et al., 2005; Warner-Schmidt and Duman, 2007), allowing markers of 
vasculogenesis to serve as proxy markers of AHN. 

On the other hand, the present analysis failed to find robust evidence 

Fig. 7. Box plot presentation (median with minimum and maximum bars showing all data points) of Gliogenesis markers (OLIG2, NG2, S100B, PDGFRA, Vimentin), 
gene expression scores in log2 of RPKM(reads per kilobase of exon model per million mapped reads). Statistical comparisons were made using the Kruskal-Wallis test 
followed by a post hoc Mann Whitney U test and FDR correction. Adjusted p-values for MWU comparisons represented by, **** ≤0.0001, ***≤0.001, **≤0.01, and ns 
for non-significant. 

Fig. 8. Box plot presentation (median with minimum and maximum bars showing all data points) of Vasculogenesis markers (VEGFA, FGF2), gene expression scores 
in log2 of RPKM(reads per kilobase of exon model per million mapped reads). Statistical comparisons were made using the Kruskal-Wallis test followed by a post hoc 
Mann Whitney U test and FDR correction. Adjusted p-values for MWU comparisons represented by, **** ≤0.0001, ***≤0.001, **≤0.01, and ns for non-significant. 
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for a linear progression of neurogenesis from NSC and INP cells. Spe
cifically, key markers of NSC (NESTIN, SOX1, and SOX4), progenitors 
(TBR2), and cell proliferation (KI67) were observed to undergo steeper 
downregulation with age (Figs. 1,2,9) than that of immature neuron 
markers (DCX, PSA-NCAM, NEUROD1) (Fig. 3). This observation sug
gests a considerable mismatch between proliferation and differentia
tion/maturation of newly born neurons. Moreover, KI67 and TBR2 (but 
not PCNA and MCM2) were not being expressed (~zero expression 
value) by the time of adolescence, indicating the depletion of progenitor 
cells by this age. 

In contrast to the markers of cells in the neuronal lineage, expression 
patterns of the key gliogenesis markers, NG2 (oligodendrocytes), and 
S100B (post-mitotic astrocytes) were significantly upregulated from 
prenatal life to childhood, without further changes beyond the latter 
stage of development (Tables S2 and S3, Fig. 7a–c). These data indicate 
continued gliogenesis and are consistent with the above-discussed re
sults for KI67 and other proliferation markers that point to a limited 

linear progression of progenitor-derived glial cells during post- 
childhood life. 

Based on the transcriptomic patterns revealed in this in silco analysis, 
we conclude that a linear progression of neurogenesis (and gliogenesis) 
from progenitor cell pools is most likely restricted after childhood ages, 
and becoming absent from adolescence onwards. 

The mismatch observed between proliferation (Stage 1–2) and dif
ferentiation/maturation of newly born neurons (Stage 3–5) in the results 
is consistent with an alternative explanation provided by Sorrells et al. 
(2019) and Seki et al. (2019) for the continued AHN, that newborn 
neurons in the adult hippocampus may be attributed to a 
developmentally-arrested pool of immature neurons, rather than to 
progenitor cells per se. In case of continued neurogenesis from devel
opmentally protracted immature neurons, marker genes for pre-mitotic 
neurogenesis stages (Stage 1–2) will show a dip but those for 
post-mitotic stages (Stage 3–5) will keep showing significant expression 
with the advancement of age. However, even by this mechanism, the 

Fig. 9. Box plot presentation (median with minimum and maximum bars showing all data points) of Cell proliferation markers (KI67, PCNA), gene expression scores 
in log2 of RPKM(reads per kilobase of exon model per million mapped reads). Statistical comparisons were made using the Kruskal-Wallis test followed by a post hoc 
Mann Whitney U test and FDR correction. Adjusted p-values for MWU comparisons represented by, **** ≤0.0001, ***≤0.001, **≤0.01, and ns for non-significant. 

Fig. 10. Box plot presentation (median with minimum and maximum bars showing all data points) of Apoptosis markers (BAX, TP53), gene expression scores in log2 
of RPKM(reads per kilobase of exon model per million mapped reads). Statistical comparisons were made using the Kruskal-Wallis test followed by a post hoc Mann 
Whitney U test and FDR correction. Adjusted p-values for MWU comparisons represented by, **** ≤0.0001, ***≤0.001, **≤0.01, and ns for non-significant. 
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formation of new neurons has to be very limited, as is reflected from the 
expressions of immature neuronal markers in our study (Stage 3, Fig. 3). 
An alternative possibility that limited neurogenesis may be continued in 
adolescents and adults from a developmentally arrested pool of imma
ture neurons needs to be examined further through experimental 
studies. 

Limitations of this study are: (i) the transcriptomic analysis in the 
original data source was from the hippocampus (hippocampal anlage 
and hippocampal formation), but not the neurogenic niche of DG spe
cifically, (ii) the dataset is unevenly distributed with relatively small 
sample sizes for some age groups, and (iii) many of the neurogenesis 
markers we studied are known to be expressed in more than one pre
cursor cell subtype and across developmental stages, but the nature of 
the bulk transcriptomic analysis did not permit exact cell lineage tagging 
and stage-specific demarcation. The first limitation is unlikely to have 
affected the relative expression of the markers studied across age groups 
despite possible effects on their absolute expression values, and this 
limitation is therefore considered to have a minimal impact on the 
overall analysis. Our choice of non-parametric tests to compute differ
ential expression of the genes was based on the need to overcome the 
limitations of homogenous distribution considering small sample sizes 
(second limitation). 

Future studies to answer the question of whether AHN is a significant 
event will benefit from the combined use of immunohistological and 
single-cell RNA sequencing (scRNA-seq) techniques to assess lineage- 
specific expression of neurogenesis markers and to delineate their 
expression trajectories across developmental stages (Artegiani et al., 
2017; Mu et al., 2019). 
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