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Identification of proliferating
neural progenitors in the adult
human hippocampus
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Continuous adult hippocampal neurogenesis is involved in
memory formation and mood regulation but is challenging to
study in humans. Difficulties finding proliferating progenitor cells
called into question whether and how new neurons may be
generated. We analyzed the human hippocampus from birth
through adulthood by single-nucleus RNA sequencing. We
identified all neural progenitor cell stages in early childhood. In
adults, using antibodies against the proliferation marker Ki67 and
machine learning algorithms, we found proliferating neural
progenitor cells. Furthermore, transcriptomic data showed that
neural progenitors were localized within the dentate gyrus. The
results contribute to understanding neurogenesis in adult humans.

Most studies on human hippocampal neurogenesis have assessed the
presence of proteins associated with neurogenesis at different stages
from neural stem cells, through intermediate neural progenitor cells
(INPs) and neuroblasts (hereafter referred collectively to as neural pro-
genitor cells) to new neurons (7). Several studies have reported im-
munohistochemical evidence of neural progenitor-associated markers
in the human dentate gyrus throughout life (2-8), whereas others re-
port their absence beyond childhood, questioning the existence of adult
hippocampal neurogenesis in humans (9-1I). Methodological differ-
ences likely contribute to these conflicting results (7, 12) and it remains
open whether these markers, despite their validation in other species,
reliably identify neural progenitors in humans.

Single-nucleus RNA sequencing (snRNA-seq) provides an unbiased
investigation of cell types and states, surpassing marker limitations
and enabling cross-species and developmental trajectory comparisons
(13). Recent snRNA-seq studies of the adult human hippocampus iden-
tified immature neurons (74) but failed to identify proliferating pro-
genitor cells (14, 15), suggesting that new neurons arise through slow
maturation of neuronal progenitors generated during development
(14, 15). Bromodeoxyuridine (BrdU) labeling, carbon dating (16, 17),
and mitotic generation of neurons in adult human dentate gyrus ex-
plants (14) support the presence of proliferating progenitors in the
adult human hippocampus. Nevertheless, proliferating progenitors
and a neurogenic cell trajectory remained elusive and a missing link
for understanding adult hippocampal neurogenesis in humans.

Characterization of hippocampal neural progenitor cells

in childhood

To identify neural progenitors in the human hippocampus, we first fo-
cused on young individuals (ages 0 to 5 years); based on previous data,
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W) Check for updates

we expected to find high number of neural progenitors in this population
(5, 17). We performed droplet-based snRNA-seq of hippocampal nuclei
obtained from six individuals (referred to as the childhood group), ob-
taining a dataset of 115,861 nuclei (table S1). After sample integration to
account for batch and individual effects, we manually annotated major
cell types based on marker expression (Fig. 1A and figs. S1and S2) (17-22).

We selected Louvain clusters containing nuclei expressing genes char-
acteristic of the mouse hippocampal neurogenic lineage (fig. S2) (23).
Reintegration of these selected cells revealed two large clusters, one
dominated by astrocytes and the other by granule neurons (Fig. 1B).
These clusters were connected by a trail of nuclei expressing the cell
proliferation marker MKI67 and/or EOMES (Fig. 1C), associated with
INPs and neuroblasts (24). RNA velocity analysis indicated a progressive
differentiation trajectory from the cells expressing INP markers, through
the trail of cells expressing neuroblast markers into the granule neuron
cluster (Fig. 1D), indicative of a neurogenic lineage and resembling the
RNA velocity pattern of mouse hippocampal neurogenesis (25).

We delineated different cell stages in the neurogenic trajectory by
Louvain clustering and marker expression (Fig. 1E and fig. S3). INPs and
neuroblasts formed discrete clusters whereas putative neural stem cells
were dispersed within the astrocyte cluster and were identified by coex-
pression of NESTIN, PAX6, ASCL1, SOX2 and low expression of SI00p.
Putative immature neurons, expressing granule neuron and plasticity
markers PROXI, ST8SIA2, DCX, and low GAD2, were identified near
neuroblasts in the granule neuron cluster (fig. S3).

Diffusion map analysis corroborated a trajectory from neural stem
cells, to proliferating INPs, neuroblasts, and granule neurons (Fig. 1,
F and G, and figs. S4 and S5) (26). Through differential gene expres-
sion analysis, we identified additional genes which have not been
thoroughly studied in postnatal neurogenesis but are enriched in
human INPs and neuroblasts, such as EZH2, or in neuroblasts and
immature neurons such as GLRA2, EPHA3, KCNH7, and SEMA3C
(fig. S6, A to D).

Similarities and differences between neural progenitors in
young mice and humans

We integrated the human childhood dataset with a juvenile mouse hip-
pocampus dataset (27). Several cell types were fully overlapping in uni-
form manifold approximation and projection (UMAP) visualization (e.g.,
the INPs and neuroblasts) whereas others were not (e.g., the putative
neural stem cells and immature neurons), suggesting species-specific
nuances in gene expression (Fig. 2A and figs. S7 and S8). Hierarchical
clustering showed that INPs and neuroblasts were more similar to their
mouse counterparts than to other human cell types, indicating transcrip-
tional similarity between human and mouse neurogenic cells (Fig. 2B
and figs. S7 and S8).

We compared the neurogenic trajectories between species by plot-
ting human and mouse neural progenitors and immature neurons in
diffusion map space, obtaining a combined neurogenic trajectory in
which human cells recapitulate the transition stages characteristic of
mouse neurogenesis (Fig. 2, C and D). We assessed the distribution of
canonical neurogenic markers along the neurogenic trajectory in hu-
mans and mice and found expression in both species. However, their
dynamics varied during progression from stem cells to immature neu-
rons. HES6—specific to INPs and neuroblasts in mice —was expressed
in both stem cells and INPs in the childhood human hippocampus.
EOMES, specific to INPs in mice, was found in both INPs and neuro-
blasts in humans (Fig. 2, E to H, and fig. S9).

Enrichment and identification of neural progenitors

To identify neural progenitors in the adolescent and adult human hip-
pocampus, we performed snRNA-seq on whole hippocampi or dentate
gyri from 19 individuals in the range of 13 to 78 years old (y.0.) In 12 of
these individuals (20 to 78 y.0.), neural progenitors were enriched using
flowcytometric sorting (for details, see materials and methods and

58

GZ0Z ‘90 AINC Uo B10°30UB 105" MMM//:ST1Y WOJ | Papeo jUMOQ


mailto:jonas.​frisen@​ki.​se
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fscience.adu9575&domain=pdf&date_stamp=2025-07-03

A Childhood dataset: 6 subjects, 0 to 5 years, 115 861 nuclei

E'Mnal

cells

ranuie Neurons

i

. -
OIigodéndro‘cLytes

H NSC markers
20 NES PAX6 ASCL1 Sox2

000 [ 00 48] 70

]

2 1 | | 4
Boot > ! ! Ll A | &
_5 INP markers

ﬁzo TFAP2C MKI67 EOMES IGFBPL1
IS U YD 341 8

@ & ISLL
& e(é(@ & eé\&o
AN AN

L & FEL & LS
N N

B *RBFOX3 eNES, GFAP

RESEARCH ARTICLES

Reintegration of selected clusters RNA velocity estimates

C <EOMES eMKI67 //:;‘/‘\\
‘/’%g
\\\\v
B
. [\
0 5.0 10.0 ! hail
-
F Diffusion map G Diffusion map
neurogenic trajectory pseudotime
\
LA W

k4 ’. !
V. ..
o .
1) ‘{l.t.-.T: fil ———
a . )
0.0 7.5

DC1
NB markers
20 ST8SIA2 DCX SOX4 SOX11
= 1.0
o024 10% 00F, 19Y,
& ImmGN markers
3 ,o, NEURODT RBFOX3 PROX1 NTF3
BTN Y ¢ s4diNB!
Tl Lle | 1 1é
0.0 ‘ - i ! e a8 4 | L
O » LY O LR
e%\éé&o @\ee@o e@@é&o go\ee&o
N N N N

Fig. 1. Delineation of a neurogenic trajectory in the human childhood hippocampus. (A) UMAP projection of the integrated dataset after snRNA-seq of whole hippocampi from
individuals ranging from O to 5 y.o. (B and C) Clusters coexpressing neurogenic markers were reintegrated. Expression of cluster specific markers projected on the UMAP: (B)
RBFOX3 for neurons and NES and GFAP for astrocytes/neural stem cells; (C) EOMES for INPs and neuroblasts and MKI67 for dividing cells.(D) RNA velocity estimates derived from
the stochastic model projected onto the UMAP-based embedding. (E) Cluster annotation for the reintegrated cells. The separations between astrocytes and neural stem cells (NSC)
and between granule neurons (GN) and immature granule neurons (ImmGN) are based on marker expression in which a NSC is defined by NES, ASCL1, SOX2, and PAX6 expression,
whereas an ImmGN is defined by ST8SIA2, DCX, PROX1, and GLRAZ expression. (F and G) Diffusion map organizing neural stem cells, INPs, neuroblasts, and immature granule
neurons in a trajectory that recapitulates their differentiation. (F) Display of how clusters of progenitors are distributed along the trajectory; (G) is a representation of their
pseudotemporal ordering. (H) Violin plots displaying gene expression patterns characteristic of NSC, INP, and NB in the clusters obtained after reintegration.

table S1). Of the enrichment protocols tested, the sorting of Ki67+ nuclei
performed in eight samples proved to be efficient, resulting in a 37-fold
enrichment of MKI67 mRNA-expressing nuclei (P = 0.018, Wilcoxon rank
sum exact test corrected using the Bonferroni method, fig. S10). Each
sorted sample was supplemented with unsorted dentate gyrus cell nuclei
from the same donor to enable droplet-based snRNA-seq, yielding 141,021
nuclei (fig. S11). Nuclei from the remaining seven individuals (13 to 31y.0.)
were processed without sorting. The final dataset included 286,799 nuclei,
leading—after integration with the childhood dataset—to a 402,660-nuclei
dataset from individuals ranging in age from O to 78 years, in which we
identified all major hippocampal cell types through unbiased clustering
and manual annotation (fig. S12).

We faced challenges in identifying progenitor cells in the adolescent
and adult cohorts when using the same strategy as in the childhood
group, and so we instead trained machine learning algorithms (scPred,
LMN, and scANVT) (14, 28-30) to identify nuclei transcriptionally simi-
lar to childhood INPs and neuroblasts. Nuclei from the adolescent and
adult datasets were annotated as progenitors if predicted by at least
two algorithms.

The strategy was tested in a juvenile mouse dataset (27), where it identi-
fied 83% of the INPs, 49% of the neuroblasts and 91% of all proliferating
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progenitors, with only 2 cells misannotated out of 540 cells predicted,
indicating a 0.37% false prediction rate (fig. S13). We further applied this
analysis strategy to the adult human cortex, in which there is no evidence
of postnatal neurogenesis (31, 32). We analyzed 12 cortical datasets
(19, 33, 34) with a total of 108,285 nuclei; our strategy predicted one po-
tential progenitor cell, later excluded based on the canonical oligoden-
drocyte lineage marker expression (fig. S13). Taken together, the data
suggest that this strategy conservatively identifies putative neural pro-
genitors with high specificity.

Neural progenitor cells in the adolescent and adult

human hippocampus

We applied machine learning to the adolescent and adult hippocam-
pal snRNA-seq dataset and identified a total of 354 progenitor cells
(Fig. 3A), which we determined based on their expression patterns
and cluster identity to be neural stem cells (12 adolescent, 65 adult),
INPs (4 adolescent, 71 adult), and neuroblasts (202 adult) (Fig. 3G).
To further characterize the predicted cells and to determine how they
compare with neural progenitors of other species, we integrated the
whole human dataset generated in this study with published mouse,
pig, and rhesus monkey hippocampal snRNA-seq datasets, using the
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Fig. 2. Comparison of the neural progenitors in the human childhood and juvenile mouse hippocampus. (A) UMAP plots displaying the collection of cell types composing
the mouse dentate gyrus and young human dentate gyrus. (B) Heatmap representing the top 50 cell type markers that are conserved across species. Hierarchical clustering on
the lefthand side of the plot emphasizes transcriptional similarities of the different cell types between mouse and human. (C and D) Diffusion map organizing the human and
mouse neural progenitors from both species in a trajectory that recapitulates their differentiation. (C) shows the cluster distribution along the trajectory, whereas (D) displays
the pseudotemporal ordering. (E to H) Violin plots displaying gene expression patterns in mouse and human progenitor cells. They display examples of genes with similar expres-
sion (E), enriched in humans (F), enriched in mice (G), or genes that display interspecies differences in the pattern of expression across the neurogenic cells (H).

mouse as reference (15, 27). The human neural progenitors identified
in all ages organized along the same neurogenic trajectory as the neural
progenitors from the other species (Fig. 3, B to G).

Hierarchical clustering analysis demonstrated that the human
adolescent and adult neural stem cells, INPs, and neuroblasts had
the highest similarity to the corresponding cell types in the mouse,
pig, rhesus monkey, and human childhood datasets (Fig. 3H). We
further integrated the human dataset generated in this study with a
human fetal hippocampus dataset (35) and the mouse dataset, again
using the mouse as a reference (fig. S14) (35). The human neural
progenitors identified in this study aligned not only with the mouse
progenitors as already described, but also with the human fetal pro-
genitors (fig. S14). This was validated by the hierarchical clustering
analysis, which showed that the human childhood and adolescent/
adult INPs and neuroblasts were more similar to the corresponding
cells in the mouse and human fetal datasets than to any other cell
type in the integrated dataset (fig. S14, E to J).

Science 3 JuLY 2025

Similar to childhood progenitors, proliferating adolescent and adult
progenitors were also enriched in NES and VIM, likely reflecting their
neural stem cell origin, and also show EZH2, SYNE2, SOX11, SOX4,
DRAXIN, and HES6 (fig. S15). However, adolescent and adult proliferat-
ing progenitors present EOMES and TFAP2C at low amounts compared
with the childhood progenitors, whereas EZH2, SYNE2 and SOX4 showed
similar levels between the two groups (fig. S15 and S16). We found human
progenitors to express markers similar to neural progenitors of other
species such as those described above, but also genes that appear to be
specific to the adult human cells such as APOLDI and RRM2 (fig. S15
and S16). The former gene is expressed in human cortical INPs during
development (36), whereas the latter is induced by ASCLI expression in
INPs (37).

Pseudotemporal analysis (26) in mouse, pig, rhesus monkey, and hu-
man nuclei revealed a differentiation trajectory from the neural stem
cell cluster, through the INPs and neuroblast clusters and toward the
granule neurons with adolescent and adult progenitors distributed along
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Fig. 3. Neural progenitors in the adult human hippocampus. (A) Scheme depicting the identification of neural progenitors in the adolescent and adult human brain. The transcriptional
profiles of the neural progenitors identified in human childhood were used to train machine learning models, which were applied to the adolescent/adult human dataset generated in this
study. The adolescent and adult human dataset includes human hippocampi or dentate gyrus samples directly processed to obtain 10x libraries as well as samples subjected to
fluorescence-activated cell sorting enrichment for proliferating and/or neural progenitor markers. (B to G) Characterization of the neural progenitors present in the integrated dataset
across species. We aligned the human dataset generated in this study with rhesus monkey, pig (15), and mouse data (27), using the latter as a reference for integration. The neural
progenitors annotated according to the study of origin are highlighted in the UMAP plot of the integrated dataset: mouse (C), pig (D), rhesus monkey (E), childhood human (F), and adult
human (G). (H) Heatmap representing the top 50 cell type markers that are conserved between the mouse, pig, rhesus monkey, childhood, and adolescent/adult human neural progenitors.
Hierarchical clustering on the lefthand side of the plot emphasizes the transcriptional similarities of progenitors across species and age groups. (I to K) Diffusion map organizing neural
progenitors across species and ages in a continuous trajectory that recapitulates their differentiation. The cluster distribution along the trajectory is presented in (1) and the pseudotempo-
ral ordering in (J). (K) Gene expression patterns of neurogenesis markers along the pseudotemporal ordering of the human adult progenitors as determined with diffusion map.

this route, indicating the presence of a neurogenic trajectory in the adult
human hippocampus (Fig. 3, I to K, and fig. S15).

The majority of the neural progenitor cell nuclei in the adolescent
and adult dataset were in cell cycle (70% compared with 22% in the
childhood dataset). This reflects the flow cytometric enrichment for
Ki67+ nuclei in many samples, and neural progenitors that are not
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in cell cycle are selected against in these individuals, resulting in
their underrepresentation in relation to the proliferating cells.
Almost all INPs were in cell cycle in the adolescent/adult group,
regardless of the proliferation marker Ki67 enrichment (table S1).
Differential gene expression analysis showed that, similar to child-
hood proliferating progenitors, the adolescent/adult progenitors in
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cell cycle expressed several proliferation markers in addition to MKI67,
such as TOP2A, CENPF, PCNA, MCM2, as well as SMC4 and HMGB2
(cell cycle genes described in neural progenitors), corresponding to
gene ontology terms related to cell division (fig. S15).

There was substantial interindividual variation in the number of
progenitors within the adolescent and adult cohorts (table S1). In the
samples that were not enriched for Ki67+ nuclei, adolescents generally
had higher numbers compared with adults. However, the highest num-
bers were seen in some of the adult subjects in whom dentate gyrus
nuclei were enriched with antibodies against Ki67 (table S1). Two in-
dividuals (40 and 58 y.0.) stood out for having much higher numbers
of INPs and neuroblasts than other adults. The younger of these two
subjects (40 y.0.) had a known history of epilepsy, potentially explain-
ing the higher number of progenitor cells (38), whereas the older in-
dividual (58 years) had no known pathology. Neural progenitors were
identified in all childhood subjects in the group but were absent in 2
out of 4 adolescents and 5 out of the 14 adults (table S1). However, in
6 of the subjects in which we failed to find progenitor cells we could
identify immature granule neurons by marker expression (fig. S17 and
table S1). One of the samples with no detectable progenitors also had
no immature neurons, suggesting both technical as well as biological
sources of variation.

Spatial localization of neural progenitor cells in the adult
human dentate gyrus

We used RNAscope in situ hybridization (39) and Xenium, a spatially
resolved transcriptomics platform with single-cell resolution (40),
to localize neural progenitor cells in the adult human hippocampus.
RNAscope offers very high sensitivity and specificity but allows the
analysis of only a few genes simultaneously, limiting the ability to
identify cells based on multiple markers. Xenium, on the other hand,
allows the multiplexing of hundreds of genes, enabling the identifi-
cation of major hippocampal cell types through graph-based cluster-
ing. Rare cell types do not cluster separately in unsupervised analysis
but can be distinguished by their spatial localization

markers, without markers of other cell identities, were mostly localized in
the dentate gyrus and adjacent hilus region (fig. S23).

DCX has been the most often-used marker to identify neuroblasts
and immature neurons in many species, including humans. In snRNA-
seq of the whole human hippocampus, DCX is broadly expressed and
is not in itself informative for identifying neuroblasts (fig. S2F)
(12, 14, 41). Within the dentate gyrus granule cell layer, DCX expressing
cells are very sparse, with 21.8% being GAD2-expressing GABAergic
interneurons. Of the DCX-expressing cells lacking GAD2, 22.0% coex-
press CALB2, associated with more mature neuroblasts (4) (n = 4, ages
27 to 53 years, fig. S24). RNAscope for DCX and CALB2 was combined
with immunohistochemistry, confirming overlapping gene and protein
expression (fig. S25). Using both RNAscope and Xenium, we identified
neural stem cells, INPs, and neuroblasts expressing proliferation mark-
ers (Fig. 4 and figs. S21 and S26). Proliferating neural stem cells and
INPs were often located in pairs or small clusters (Fig. 4 and fig. S22H)
and several neuroblasts were often found within a limited area, sug-
gesting ongoing cell division and active neurogenesis. Although several
markers were consistently observed (NES, EZH2, GLRA2, DCX, or
CALB2), some were detected less frequently (EOMES, IGFBPLI, SOX11,
and MKI67), likely reflecting biological heterogeneity. With the en-
hanced sensitivity of RNAscope and Xenium compared with scRNA-seq,
we detected neural progenitors in all 10 cases tested (table S1).

Discussion

We report the identification and molecular characterization of neural
progenitor cells from birth through adulthood in the human hippo-
campus. These cells are more abundant and readily identifiable early
in life and become sparser in adolescents and adults. The dentate gyrus
is the primary gateway of the hippocampus, controlling how informa-
tion flows from the cortex to the hippocampus proper. To maintain
normal function, granule neurons receive fine-tuned inhibition from
local-circuit GABAergic interneurons, with only few responding to
activation (42). Immature granule neurons have a period of enhanced

in the tissue (for instance, dentate gyrus neural pro-

genitor cells, fig. S18).

In snRNA-seq analysis, identifying progenitor cells
based on a small number of marker combinations was
challenging. Adding spatial context and narrowing the
focus to the granule cell layer of the dentate gyrus and
its immediate vicinity partially helped. However, even
within this limited region, it is necessary to assess the
presence and absence of multiple markers to reliably
identify progenitors, which was possible using Xenium

Hi e
QALB2 DCX GAD2

(fig. S19). For example, NES, SOX4, and SOX1I are ex-

pressed by neural progenitors, but other markers are
needed as these genes are also expressed by some oli-
godendrocyte progenitors (PDGFRA+, CSPG4+) and
endothelial cells (PECAM1+, FLT1+) (fig. S19).

Using Xenium and RNAscope in the dentate gyrus, we
identified neural stem cells coexpressing NESTIN, SOX2,
and ASCLI, INPs expressing combinations of ASCLI,
EOMES, SOX2, SOX11, EZH2, and DCX, and neuroblasts
expressing sets of the markers EZH2, EOMES, DCX,
ST8SIA2, SOX11, IGFBPLI, ELAVL4, CALB2, and STMN1
(Fig. 4 and figs. S19, S20, and S21). We also localized cells
expressing the new markers, which we found to be en-
riched in human neural progenitors such as EZH2 in
proliferating early INPs and in neuroblasts at different
maturation stages (fig. S22, A to C and H), and GLRA2,
EPHA3, and KCNH7 in neuroblasts and/or immature
granule neurons, coexpressing DCX and/or CALB2
(fig. S22, D to G). Furthermore, we found that cells ex-
pressing combinations of neurogenic and proliferation
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Fig. 4. Single-cell transcriptomic characterization of adult human neural progenitors and of the
human neurogenic niches with spatial resolution. (A to D) Example NSCs expressing characteristic
markers detected with RNAscope (A) and (C) and Xenium (B) and (D). (E to H) Example INPs expressing
characteristic markers detected with RNAscope (E) and (G) and Xenium (F) and (H). (1to L) Example
NBs expressing characteristic markers detected with RNAscope (1) and (K) and Xenium (J) and (L).
Xenium spatial transcriptomics was performed on brain tissue from a 34-year-old male subject. The cells
shown are negative for PDGFRA, CSPG4, GAD2, ADARB2, SOX10, MOBP, MBP, FLT1, PECAMI, and CD4.
GCL, granular cell layer. Hatched lines indicate the border between the GCL and the hilus. Arrows in the
upper panels indicate cells shown in higher magnification in the lower panels.
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plasticity when they are highly responsive to excitation, and therefore
even a small number of newly generated cells can have a functional
impact on the hippocampus (42).

The difficulty in identifying neural progenitors in the human hip-
pocampus has led some to question the existence of neurogenesis. A
recent study using snRNA-seq identified and characterized immature
granule neurons in the dentate gyrus (14). However, neural stem cells,
INPs, and neuroblasts have not been identified in adult humans using
unbiased transcriptomics. Our data integrate snRNA-seq with spatially
resolved transcriptomics at a single-cell resolution, allowing the identi-
fication and visualization of neural progenitors in the adult human
hippocampus. It complements the identification of immature granule
neurons by capturing and characterizing proliferative neural progeni-
tors, together delineating a full cell trajectory for adult neurogenesis
in humans.

The number of nuclei sequenced is critical to the ability to identify
very small cell populations, and previous studies have been suggested
to be underpowered for identifying neural progenitors (12). Analyzing
alarge number of subjects and nuclei, specifically isolating nuclei from
the dentate gyrus rather than the whole hippocampus, and most impor-
tantly enriching for proliferating cells, increased the power to identify
rare neural progenitors. Moreover, using machine learning algorithms
as previously done by Zhou et al. to identify immature neurons (14) was
necessary to confidently detect neural progenitor cells in adolescent and
adult subjects.

We found that neural progenitor cells in the adult human hippo-
campus are transcriptionally similar to those in mice, pigs, macaques,
and in humans during childhood, with slight species-specific nuances
in gene expression, with unclear functional relevance. The identifica-
tion of a neurogenic cell trajectory with proliferating neural progenitor
cells provides a cellular underpinning for the mitotic generation of
neurons in the adult human hippocampus, which previously has been
demonstrated by BrdU labeling and radiocarbon dating (16, 17). It is
unclear whether the generation of immature granule neurons by pro-
liferating progenitors is the main mechanism for adult neurogenesis
and to what extent mitotic generation earlier in life and protracted
neuronal maturation are complementary pathways.

As expected, the highest number of neural progenitor cells was found
in the youngest subjects in the childhood group (5, 17). However, differ-
ences in nuclear enrichment protocols make it difficult to draw conclu-
sions about the number of neural progenitor cells at different ages in
adulthood. Nevertheless, substantial variation was detected across indi-
viduals processed using the same enrichment approaches and variation
in the numbers of immature granule neurons was also observed in paral-
lel, consistent with prior reports of variability of neurogenesis among
macaques, humans, and inbred mouse strains (12, 14, 17, 41).

Several of the donors had a history of psychiatric or neurological
diseases, which have been associated with differences in neurogenesis
(2, 3, 42). However, the current study was not powered to draw conclu-
sions about a potential relationship between pathology and neurogen-
esis. The identification of neural progenitor cells in the adult human
brain will facilitate further studies on possible effects of pathology and
genetic predisposition on neurogenesis.
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