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Adult hippocampal neurogenesis was originally discovered in rodents. Subsequent studies identified the adult neural stem
cells and found important links between adult neurogenesis and plasticity, behavior, and disease. However, whether new neu-
rons are produced in the human dentate gyrus (DG) during healthy aging is still debated. We and others readily observe pro-
liferating neural progenitors in the infant hippocampus near immature cells expressing doublecortin (DCX), but the number
of such cells decreases in children and few, if any, are present in adults. Recent investigations using dual antigen retrieval
find many cells stained by DCX antibodies in adult human DG. This has been interpreted as evidence for high rates of adult
neurogenesis, even at older ages. However, most of these DCX-labeled cells have mature morphology. Furthermore, studies in
the adult human DG have not found a germinal region containing dividing progenitor cells. In this Dual Perspectives article,
we show that dual antigen retrieval is not required for the detection of DCX in multiple human brain regions of infants or
adults. We review prior studies and present new data showing that DCX is not uniquely expressed by newly born neurons:
DCX is present in adult amygdala, entorhinal and parahippocampal cortex neurons despite being absent in the neighboring
DG. Analysis of available RNA-sequencing datasets supports the view that DG neurogenesis is rare or absent in the adult
human brain. To resolve the conflicting interpretations in humans, it is necessary to identify and visualize dividing neuronal
precursors or develop new methods to evaluate the age of a neuron at the single-cell level.
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Introduction
Two regions of the rodent brain continue generating new neu-
rons into adulthood: the dentate gyrus (DG) of the hippocampus

(Altman and Das, 1965; Kornack and Rakic, 1999; Seri et al.,
2001; van Praag et al., 2002) and the ventricular-subventricular
zone (V-SVZ) along the walls of the lateral ventricles, which
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makes new neurons destined for the olfactory bulb (Altman,
1969; Kaplan and Hinds, 1977; Lois and Alvarez-Buylla, 1994).
Whether these processes continue in the adult human brain is of
great interest but remains controversial. Although a few young
neurons have been observed in the V-SVZ of the adult human
brain (Wang et al., 2014; Sorrells et al., 2018), these cells are
extremely rare, and generation of new neurons destined for the
human olfactory bulb appears to continue after birth in infants,
but it is rare, or nonoccurring, in the adult (Sanai et al., 2011). In
the case of the adult human hippocampus, while some studies
have suggested that neurogenesis in the human DG is a robust
phenomenon with hundreds of new neurons being generated
daily (Eriksson et al., 1998; Spalding et al., 2013; Boldrini et al.,
2018), others find little evidence for progenitors or young neu-
rons (Cipriani et al., 2018; Paredes et al., 2018; Sorrells et al.,
2018). Based on observations of both proliferating and immature
neuronal populations, we argue that hippocampal neurogenesis
continues postnatally in humans, but decreases rapidly in chil-
dren, and is rare or nonexistent in adults. The adult human brain
lacks a proliferative zone or neurogenic niche in the DG, which
is present in species where adult neurogenesis has been clearly
documented. Most of the active proliferation that may be associ-
ated with neurogenesis is observed before 1 year of age. The de-
velopmental decline in proliferative and immature cells that is
observed in childhood, originally intended to validate staining
methods, strongly suggests that neurogenesis in the hippocam-
pus diminishes before adolescence. Those arguing in favor of
adult human hippocampal neurogenesis heavily rely on the
immature neuron marker doublecortin (DCX). However, the
presence of DCX is not sufficient evidence for newly formed
neurons, as we and others (X. M. Zhang et al., 2009; Sorrells et
al., 2019; R. X. Liu et al., 2020) have shown the presence of
DCX1 cells in non-neurogenic adult brain regions.

In this Dual Perspectives article, we present new evidence
from young ages and from non-neurogenic brain regions show-
ing that enhanced detection methods for DCX are not required
to reveal DCX1 neurons when they are present. Data obtained
with enhanced detection may instead reveal low levels of marker
expression in mature cells, reexpression in mature neurons, or

cross-reactivity with related proteins. We discuss technical limi-
tations associated with our methods and those used by others.
Taking these limitations into account, this Dual Perspectives arti-
cle considers our original findings in the context of new and con-
flicting datasets since 2019 and concludes that there is still reason
to doubt the presence of neurogenesis in the adult human hippo-
campus. Our perspective remains that there are few to no new
neurons being born in the adult human hippocampus.

Defining adult neurogenesis
Adult neurogenesis refers to the birth of a neuron in the adult
brain. Recruitment of newly born neurons into a preexisting cir-
cuit involves additional steps, including migration, maturation,
and synaptic integration. In the absence of direct lineage tracing
methods to label dividing progenitors and follow their progeny,
it is necessary to understand the developmental progression in
multiple brain regions to be able to identify progenitors and
immature neurons at different stages of maturation. Linking
these two cellular populations is key to determining whether new
neurons are being born in the adult brain.

Progenitor cells with proliferative potential are the foundation
of neurogenesis. Dividing cells are best recognized when they
undergo mitosis. However, these events are infrequent, so alter-
native labels for cells in the cell cycle are frequently used (e.g.,
Ki-67, MCM2). Co-stains with other molecular markers are
required to determine the specific cell types that are dividing,
and these labels are imperfect. Expression of PCNA, for example,
has been interpreted as evidence of robust proliferation (Curtis
et al., 2007). Yet it can be present in nondividing cells, including
multiciliated ependymal cells that are postmitotic in adults
(Sanai et al., 2007). Furthermore, PCNA is also expressed after
DNA repair (Bologna-Molina et al., 2013). Alternative
approaches have been used to infer the presence of newly gener-
ated cells, including BrdU immunolabeling or measuring 14C lev-
els (Eriksson et al., 1998; Spalding et al., 2013). These studies are
difficult to replicate and have several limitations, which we will
discuss below (see also Sorrells et al., 2018, their Supplementary
Discussion).

Table 1. Markers frequently used to study adult neurogenesis and their limitations

Marker Common use Limitations to marker interpretation References

Ki-67 Cell proliferation Includes dividing cells of non-neuronal lineage; also expressed
in postmitotic neurons for DNA repair

Namba et al., 2005; Schwartz et al., 2007; Munakata et al.,
2013; Boldrini et al., 2018

MCM2 Cell proliferation Can be expressed on cell cycle reentry occasionally prior to cell
death; also expressed in postmitotic neurons for DNA repair

Schwartz et al., 2007; Bonda et al., 2009

PCNA Cell proliferation May also be expressed during DNA repair and programmed
cell death or in nondividing cells

Lin et al., 2001; Sanai et al., 2007; Bologna-Molina et al.,
2013

Nestin Neural stem/progenitor cells Also expressed in mature glia and a subpopulation of mature
neurons and intermediate progenitors

Doetsch et al., 1997; Farzanehfar et al., 2017; Krishnasamy et
al., 2017

Vimentin Neural stem/progenitor cells Can be expressed in mature astrocytes Schnitzer et al., 1981; Souza et al., 2017
SOX2 Neural progenitors Also expressed in dividing glia and mature astrocytes Komitova and Eriksson, 2004; Cruz et al., 2014
BLBP Neural progenitors Also expressed in astrocytes and many adult brain regions Gerstner et al., 2008
TUJ1 Immature neurons Expression may be retained in mature neurons, expressed in

mature basket cells in SGZ
Ambrogini et al., 2004; Seri et al., 2004

DCX Immature neurons Expressed at low levels in oligodendrocytes and microglia, can
be reexpressed in mature neurons, also can indicate pro-
longed maturation instead new neuron generation

Rotheneichner et al., 2018; Sorrells et al., 2018, 2019; Ohira et
al., 2019

PSA-
NCAM

Immature neurons Also expressed in a subpopulation of mature neurons, particu-
larly inhibitory

Varea et al., 2007

CR Immature neurons Also a marker of a subtype of mature inhibitory interneurons,
possible reexpression in mature neurons

Tóth et al., 2010; Rocco et al., 2016; Ohira et al., 2019

CB Mature neurons Also a marker of a subtype of mature inhibitory interneurons Tóth et al., 2010; Rocco et al., 2016
NeuN Mature neurons Does not recognize all neuronal cell types, can be expressed in

subpopulations of oligodendrocytes and microglia
Cannon and Greenamyre, 2009; Parakalan et al., 2012; Zhang
et al., 2014
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The presence of immature neurons is also frequently linked
to ongoing neurogenesis. These cells have unique ultrastructural
features, such as compacted heterochromatin, few organelles,
small amounts of cytoplasm, and simple arborizations. However,
as with dividing neural stem cells, experimental approaches for
identifying immature neurons rely on molecular markers with
limitations (Table 1). DCX, for example, is a cytoskeleton bind-
ing protein with multiple biological properties. There are many
examples of DCX1 immature neurons that are not newly gener-
ated in the adult mammalian brain, including in humans, maca-
ques, cats, sheep, rats, and mice (X. M. Zhang et al., 2009;
Gómez-Climent et al., 2011; Klempin et al., 2011; Martí-
Mengual et al., 2013; Piumatti et al., 2018; Rotheneichner et al.,
2018; Sorrells et al., 2019) where neurons may be maturing very
slowly over the life of the animal (La Rosa et al., 2020b). While
DCX1 cells may be neurons newly recruited into adult neural
circuits (Rotheneichner et al., 2018; Benedetti et al., 2020), they
are not necessarily newly born.

Developmental decline of proliferation in the DG after birth
When we analyzed the human DG at 14 gestational weeks, we
observed the dentate neuroepithelium and dentate migratory
stream next to the emerging granule cell layer (GCL).
Intriguingly, the distribution of proliferating cells at 22 gesta-
tional weeks was asymmetric, suggesting that the human DG
grows primarily from the blade proximal to the dentate neuroe-
pithelium (Sorrells et al., 2018). Proliferation was already dimin-
ished across the entire DG by birth, with dividing cells present in
the hilus and not specifically associated with the granule cell
layer. In contrast, a germinal subgranular zone (SGZ) in other
mammalian species, including nonhuman primates, is clearly
identifiable as a cell dense region with many small cells contain-
ing compacted chromatin (Altman and Das, 1965).

During postnatal development, several studies have identified
a clear drop in dividing cells and immature neurons during
infancy in both the DG (Fig. 1) (Dennis et al., 2016; Cipriani et
al., 2018; Sorrells et al., 2018) and subventricular zone (SVZ)
(Sanai et al., 2011; Dennis et al., 2016). After 1 year of age, levels
of Ki-671 cells were equivalent across all regions of the hippo-
campus, and appeared comparable to the rest of the brain (Fig.
1C,E) (Sorrells et al., 2018). This was also true for Ki-671 pro-
genitor populations colabeled with SOX1, SOX2, BLBP, or
vimentin, which were present in the infant hippocampus but
greatly reduced by adolescence and rare in adults (Fig. 1C)
(Sorrells et al., 2018). Data from other laboratories also converge
on a low rate of proliferation in the adult human DG, similar to
that in other regions of the hippocampus or the brain (Del Bigio,
1999; Knoth et al., 2010; Dennis et al., 2016; Cipriani et al., 2018;
Seki et al., 2019).

The dramatic drop that occurs in proliferation during the first
year of life is consistent with the disappearance of immature neu-
rons that occurs during this time (Figs. 1-3). At young ages (birth
to 22months; Figs. 2B, 3B), the DCX1PSA-NCAM1 immature
neurons were located in close proximity to Ki-671 cells beneath
the GCL, with most of their cell bodies on the hilar side. By birth
and early postnatal stages, segments of the human GCL are al-
ready devoid of immature neurons; these areas increase in size
with age (Fig. 2C,D). In regions lacking immature neurons, the
GCL neurons were large, expressed NeuN, and had mature mor-
phologic characteristics. Adding to this evidence, we show new
examples at 22months in Figures 2B,D and 3B. These data fit
with our originally reported observations at 1 and 7 years, indi-
cating a sharp decline in dividing precursors and young neurons
in infancy (Sorrells et al., 2018). Between 1 and 2 years, small
clusters of immature neurons were still observed near Ki-671

cells (Figs. 2B, 3B), but these cells were rare at 7 and 13 years of

Figure 1. Early postnatal decline of dividing cells and immature neurons in the human hippocampus. A, Schematic of coronal section in the anterior hippocampus corresponding to maps in
D, E. LV, Lateral ventricle; A, anterior; P, posterior; D, dorsal; L, lateral; M, medial. B, Quantification of DCX1PSA-NCAM1 cells in the human molecular layer (ML), GCL, and hilus between 22
gestational weeks (GW) and 77 years. C, Quantification of Ki-671SOX21 cells in the GCL and hilus between 14 GW and 35 years. D, Neurolucida maps of the location of DCX1PSA-NCAM1 cells
and (E) Ki-671 cells (bottom) in the human hippocampus between 3 weeks and 35 years. B–E, Reproduced in part from Sorrells et al. (2018). Scale bars: D, E, 1 mm.
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age (Fig. 4B) (Sorrells et al., 2018). If dividing progenitors were
present but more dispersed compared with the consolidated
layer seen in other species, young neurons with migratory mor-
phology should be readily observed between the dividing cells
and the more mature neurons. However, this is not the case in
the human DG (Figs. 1D,E, 2B, 3B) and is consistent with work
in the mouse SGZ showing that tangential dispersion of young
neurons is limited (Sun et al., 2015).

DCX labels more than just newborn neurons
The field has often relied on the expression of DCX as a surro-
gate indicator for newly born neurons (Brown et al., 2003). DCX
is a microtubule-associated protein that is essential for proper
neuronal migration (Gleeson et al., 1999; Bai et al., 2003), and
participates in cytoskeletal organization through interactions
with and stabilization of microtubules and actin filaments

(Moores et al., 2006). Mutations in human DCX lead to cortical
malformations, including lissencephaly, subcortical band hetero-
topias, and pachygyria, associated with poorly organized cortical
layers and abnormal gyrification (Desikan and Barkovich, 2016).
Its crucial role in neurodevelopment is undisputed.

Nevertheless, there are limitations to DCX serving as a unique
or specific molecular marker for adult neurogenesis (Balthazart
and Ball, 2014; Vellema et al., 2014; R. X. Liu et al., 2020). There
is evidence that DCX expression can be long-lived in some cells.
Human, nonhuman primate, and rodent data show that non-
newly born DCX-expressing cells can be observed in cortical
regions, for example, the adult rodent piriform cortex or the
human amygdala (X. M. Zhang et al., 2009; Gómez-Climent et
al., 2011; Klempin et al., 2011; Martí-Mengual et al., 2013;
Piumatti et al., 2018; Rotheneichner et al., 2018; Sorrells et al.,
2019). The morphology of the DCX1 cells at older ages is more

Figure 2. Cells with morphology and marker expression of young immature neurons are readily detected at young ages in humans. A, Schematic of coronal section in the anterior hippocam-
pus corresponding to images in B–D. B, DCX1 cells (green) and Ki-671 cells (red) (insets, arrows) in the human DG at birth, 3 months, and 22months. Although there is not a clear layer of
proliferating cells forming a SGZ, there is a close correlation between proliferation and the presence of immature neurons. C, Already at birth, there are patches of the DG with (arrows) and
without (arrowheads) DCX1PSA-NCAM1 cells. D, At 3 weeks, regions with many DCX1 cells (arrows) are separated by large regions where DCX1 cells are absent (arrowheads). Scale bars: B–
D, 100mm; B, Insets, 50mm; D, Insets,10mm.

Figure 3. Dual antigen retrieval in young children reveals DG DCX1 neurons with different morphology than those in the adult, as well as many neurons outside of the DG. A, Schematic of
coronal section in the anterior hippocampus corresponding to images in B–D. B, Between 3 and 22months, small DCX1 neurons (some also expressing NeuN) in the GCL are near Ki-671 cells
(arrows). C, In adults 63 and 90 years of age, large DCX1 neurons expressing NeuN are not near Ki-671 cells. D, In adults 63 and 90 years of age, many DCX1 cells expressing NeuN can be
found in the cortex of the same sections as in C. Scale bars: A, 1 cm; B–D, Top, 100mm; B, C, Bottom, D, Bottom, Right, 10mm.
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complex than that observed in development or within the mouse
V-SVZ and SGZ. Mature neurons may also reexpress DCX. In
the marmoset, for example, administration of the antidepressant
fluoxetine increases the number of DCX1 cells in the adult DG
without increasing neurogenesis. These data suggest that mature
GCL neurons may undergo “de-maturation” in which they begin
to reexpress immature markers (Ohira et al., 2019). DCX1

expression might also indicate slow or delayed neuronal matura-
tion, possibly associated with plasticity (see below).

PSA-NCAM is another marker that has been linked to new-
born neurons. However, in well-preserved tissue without antigen
retrieval, its expression is found in many regions of the adult
CNS, including the hippocampus, and in many mature neurons
(see Sorrells et al., 2018, their Extended Data Fig. 5d,e; see also
Mathern et al., 2002; Varea et al., 2011). Expression of PSA-
NCAM has been linked to areas with plasticity and remodeling:
its expression is not necessarily associated with regions of neuro-
genesis (Theodosis et al., 1999). Thus, expression of DCX and/or
PSA-NCAM might follow a timeline that is not necessarily asso-
ciated with newly born cells in the adult.

In humans, newborn neurons may take many months to
mature and might maintain immature markers, such as DCX
and/or PSA-NCAM, for a long time. In support of this, studies
performed in sheep (Lévy et al., 2017; Piumatti et al., 2018), mar-
moset (Sawamoto et al., 2011; Akter et al., 2020), and macaques
(Kohler et al., 2011) show that there are species differences in the
maturation rate of neurons. Neurons can take up to 3months to
mature in the marmoset, compared with 3-4weeks for mouse
neurons (Petreanu and Alvarez-Buylla, 2002; Carleton et al.,

2003; Zhao et al., 2006). The persistence of immature markers
might be much more detectable than the presence of adult pro-
genitor cells under these circumstances. A protracted maturation
state of many months would translate into an increased number
of DCX1PSA-NCAM1 cells; if neurogenesis continued robustly,
we would expect to observe large numbers of DCX1PSA-
NCAM1 cells in the dentate and neighboring hilus. Instead,
DCX1PSA-NCAM1 cells are diminished already by 1 and
2 years of age, and only a handful of these cells are observed by
13 years (Fig. 4B) (Paredes et al., 2018; Sorrells et al., 2018).

Even if antibody best practices (Bordeaux et al., 2010) are fol-
lowed, DCX antibodies can nonspecifically detect other markers
(Buchwalow et al., 2011; R. X. Liu et al., 2020), and this problem
may be potentiated by stringent antigen retrieval. In an effort to
reproduce some of the observations from Llorens-Martín’s labo-
ratory (Moreno-Jiménez et al., 2019; Flor-García et al., 2020), we
have used a similar double-antigen retrieval protocol and
observed putative DCX1 cells in DG in development and in
adulthood (Fig. 3). However, the morphology and organization
of DCX1 cells we observe in children (Fig. 3B) are very different
from those seen in the adult (Fig. 3C). Cells at the young ages are
small with limited cytosol and few processes. Moreover, with
double-antigen retrieval, we observe large, weakly labeled DCX1

cells with few processes in other non-neurogenic parts of the
brain, including the cerebral cortex (Fig. 3D). Combined with
the developmental trajectory, this suggests to us that the dual
antigen retrieval in adult brains reveals neuronal populations
that are not newly born. Whether this is detection of DCX pro-
tein, or cross reactivity with other proteins, remains to be

Figure 4. Immature DCX1 neurons are readily detectable in 4% PFA-fixed material outside of the DG without dual antigen retrieval. A, Schematic of coronal section in the anterior hippo-
campus corresponding to images in B–D. B, Low- and high-power images of one individual DCX1PSA-NCAM1 neuron detected in the GCL in the same 13-year-old sample from Sorrells et al.
(2018). C, In a 35-year-old adult, DCX1PSA-NCAM1 cells are not detected in the DG (C1); but within the same section, cells are readily detected in the cortical parahippocampal gyrus (PHG)
(C2-C4). D, Cells in the PHG stain for DCX, PSA-NCAM, and TUJ1, but similar cells are not present in the DG, and TUJ1 labels cells throughout the hilus. E, Schematic of coronal section in the
amygdala corresponding to images in F, G. F, DCX1PSA-NCAM1 cells in the amygdala and entorhinal cortex (EnCx) in the same 13-year-old individual as in B. G, DCX1PSA-NCAM1 cells in
the amygdala and entorhinal cortex at 49 years of age. H, Schematic and examples of DCX1PSA-NCAM1 and DCX1TUJ11 cells in the inferior temporal gyrus at 59 years of age. Scale bars: A,
E, H, Left, 1 cm; C, Top, 1 mm; B, F, Left, G, Left, 100mm; C, Insets, D, H, Right, 20mm; B, Inset, F–H, Right, 10mm.
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determined (see below). There is evidence that DCX antibodies,
including the one most frequently used by Llorens-Martín’s labo-
ratory (Santa Cruz Biotechnology, Goat sc-8066), have cross
reactivity to other brain proteins (R. X. Liu et al., 2020). This
may explain the staining, not only in the cortex, but also in the
hippocampus. In our young samples, adult amygdala, or entorhi-
nal cortex, there is no need to do double-antigen retrieval to
detect clearly labeled cells (Figs. 2C,D, 4) (Paredes et al., 2018;
Sorrells et al., 2018, 2019). Cross-adsorption controls are not suf-
ficient to determine the specificity of the antibody (R. X. Liu et
al., 2020).

Finally, DCX expression is not neuron-specific, which could
explain why DCX1 cells sometimes do not co-label with neuro-
nal markers. DCX has been reported in oligodendrocyte precur-
sors (Boulanger and Messier, 2017), microglia (J. Y. Liu et al.,
2018; Sorrells et al., 2018; Unger et al., 2018), and in astrocyte

subpopulations (Verwer et al., 2007). More recently, non-neuro-
nal expression of DCX has been corroborated using single-cell
sequencing (Franjic et al., 2021). Thus, DCX1 cells that are not
costained with specific neuron markers might be glial cells.
These DCX1 cells may divide and are often smaller, but with
ramified morphologies that can be interpreted as immature neu-
rons (and the absence of NeuN could be falsely interpreted as
further reflection of an immature state).

What is the nature of the DCX1 cells in the adult human
DG?
Based on the above caveats, it is important to specifically con-
sider the DCX1 cells observed in the recent studies from
Llorens-Martín in the DG (Moreno-Jiménez et al., 2019; Flor-
García et al., 2020). Llorens-Martín argues that, for detection of
DCX in the human DG, specific fixation and staining conditions

Figure 5. Lack of evidence of adult human hippocampal neural stem cells in both single nucleus and bulk RNA-seq data. A, UMAP plot of data from Habib et al. (2017), representing 14,137
nuclei from adult human PFC and hippocampus. UMI count matrix was obtained from the GTEx portal (https://www.gtexportal.org/home/datasets) and processed using default settings in
Seurat (filtering for nuclei expressing a minimum of 200 genes and genes expressed in a minimum of 3 cells). Nuclei (dots) are labeled and colored by cluster membership labels from the orig-
inal study: exPFC, Glutamatergic neurons from the PFC; GABA, GABAergic interneurons; exCA1/3, pyramidal neurons from the hip CA region; exDG, granule neurons from the hip DG region;
ASC, astrocytes; MG, microglia; ODC, oligodendrocytes; OPC, oligodendrocyte precursor cells; SMC, smooth muscle cells; END, endothelial cells. Cluster 14 is equivalent to the cluster that Habib
et al. (2017) identified and labeled as NSCs. B, Region of origin of nuclei from A. CTX, PFC; HIP, hippocampus. C, Enrichment of ependymal cell type signatures in clusters from A. Ependymal
gene sets consist of 440 genes from either mouse (Zeisel et al., 2015) or human (Kelley et al., 2018) data. Enrichment analysis was performed using a one-sided Fisher’s exact test using differ-
entially expressed genes of all clusters shown in A. Cluster 14, previously labeled as NSC, preferentially expresses ependymal genes. D, Feature plot of DCX expression in all nuclei. E,
Quantification of UMI counts of DCX in all nuclei, grouped by region. Quantification of cell count per cluster, grouped by region. F, Bulk mRNA expression (TPM) of genes related to astrocytes
and RGCs (GFAP, vimentin, SOX2), neurons (RBFOX3, DCX), and cell proliferation (MCM2, MKI67) separated in different age groups (20-30 years; 30-40 years; 40-50 years; 50-60 years; 60-
70 years). The data used for the analysis were obtained from the GTEx Portal (GTEx Consortium, 2017). The donor eligibility requirements and sample collection process have been previously
described (Carithers et al., 2015). We focused our analyses on the hippocampus, excluding the samples positive for Alzheimer disease (n= 4) for a total 117 samples; n= 4 in the 20-30 age
group; n= 3 in the 30-40 age group; n= 13 in the 40-50 age group; n= 32 in the 50-60 age group; and n= 64 in the 60-70 age group. The data were normalized using 7 different house-
keeping genes (PSMB4, GPI, RAB7A, VCP, C1orf43, CHMP2A, REEP5) previously described to be nonvariable in human tissue (Eisenberg and Levanon, 2013). The change along time is not signif-
icant in any of the genes, except for vimentin, which significantly increases from the 50-60 age range to the 60-70 age range (p= 0.016). The statistical analysis was done by one-way ANOVA
followed by all pairwise comparisons by Holm-Sidak post hoc test. Data are mean6 SD.
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are required. Using these conditions, many DCX-labeled cells
are present in a single high-magnification confocal optical field
taken from the human DG and the cells presented have mature
morphology (e.g., Moreno-Jiménez et al., 2019, their Fig. 1J). If
this region represented an area of continuous adult neurogenesis
(the age of this sample is not specified), evidence of proliferation
should also be observed. As discussed above, before 1 year of age,
areas of DCX expression are associated with hilar proliferation
and with cells at different stages of maturation (Figs. 1-3). In the
adult samples shown by Llorens-Martín, the area under the den-
tate does not reveal a SGZ or levels of proliferation that would
suggest ongoing neurogenesis, especially sufficient to explain the
high number of DCX1 cells detected. These observations raise
the following questions about dual antigen retrieval staining: (1)
Is the signal detected associated with DCX or with other epi-
topes, such as DCX-like domains in other proteins (Reiner et al.,
2006; Dijkmans et al., 2010)? (2) Are unique fixation and staining
conditions revealing low levels of DCX, possibly reexpressed in a
subset of cells in old patients, as has been seen in the macaque
DG (Hagihara et al., 2019)? (3) Are these low levels of DCX in
cells that were produced earlier in adolescence or childhood? (4)
Is this indeed evidence for large numbers of neurons produced
in the elderly? One argument against this last interpretation, as
discussed above, is the low number of proliferating cells in the
DG and hilus reported across multiple studies.

Are we missing DCX1 neurons in our adult samples because
of sample processing, preservation, or quality? We argue this is
not the case. As part of this Dual Perspectives article, we present
data from a PFA-fixed brain with fixative perfusion,5 h before
fixation (Fig. 4C,D). Without using specialized antigen retrieval,
there are clearly labeled DCX1 cells that costained with PSA-
NCAM in the parahippocampal gyrus, so it should be possible to
detect similar cells in the DG within these same brains. But none
were present.

To assess the morphologic and molecular identities of DCX1

cells that might represent new neurons in the adult human hip-
pocampus, comparisons to known immature neurons are
required. Sampling from younger tissue samples in development
where immature DCX1 young neurons are known to be present,
or within other regions that have few immature DCX1 cells,
such as the ventricular wall, is an important benchmark. Recent
studies (Moreno-Jiménez et al., 2019; Flor-García et al., 2020)
claim that specialized sample preparation and staining protocols
are required to identify DCX1 immature neurons in the adult
human brain, but they fail to detect DCX1 cells in cortex where
others have clearly documented their presence, and have not yet
examined the V-SVZ. This raises questions about the effects of
double-antigen retrieval and whether this method is unmasking
unspecific immunostaining (R. X. Liu et al., 2020).

Finally, an argument to support the hypothesis that DCX1

cells in the adult human hippocampus are young neurons is that
a subset of the DCX1 cells costain with calretinin (CR) and not
calbindin (CB). In birth-dated new neurons in the adult mouse
hippocampus, these markers are turned on sequentially (Brandt
et al., 2003). But the temporal expression pattern of CR and CB
has not been validated in the human brain, and it is not clear
that these different populations are part of the same lineage in
the adult human brain. Indeed, many CR- and CB-positive cells
are found outside the GCL, for example in the inner molecular
layer. Additionally, CB and CR are expressed in adult interneur-
ons in the hippocampus in both humans and mice (Gulyás et al.,
1996; Tóth et al., 2010). Further validation of CR and CB labeling
is needed to use these markers to test for adult neurogenesis and
maturational state.

Different approaches to study adult neurogenesis in humans
still give inconclusive evidence
A challenge to studying human neurogenesis is the lack of tools
to directly and accurately birth-date or track newly born cells.
Adult human DG neurogenesis was initially studied in a 5
patient cohort that received very low doses of BrdU (Eriksson et
al., 1998). In this study, BrdU1 cells were counted; however,
these cells might have been non-neuronal. Several examples of
BrdU costaining with NeuN, CB, and neuron-specific enolase
were shown. But it is not known whether these are rare cases of
new neurons, are because of BrdU incorporation independent of
cell division in oncological/non-control patients, or are signals
arising from technical issues associated with BrdU detection
(Breunig et al., 2007). BrdU labeling requires harsh tissue treat-
ments that can produce signals, even in the absence of BrdU or
even primary or secondary antibodies in human tissue (see
Sorrells et al., 2018 , their Extended Data Fig. 7f).

A study using 14C birth-dating on sorted NeuN1 nuclei sug-
gested that hundreds of new neurons are generated per day in
the adult human hippocampus, with little decline with age
(Spalding et al., 2013). The results obtained from this method
differ from histology studies that show a sharp decline in
markers of newly formed neurons during early postnatal devel-
opment (Knoth et al., 2010; Dennis et al., 2016; Sorrells et al.,
2018). It should be noted that birth-dating with 14C relies on the
isolation of neuronal nuclei using NeuN antibodies, which are
analyzed with mass spectrometry in bulk, not as single cells.
With mathematical modeling of the population data, average
birth dates are derived. Several technical aspects must be consid-
ered when interpreting 14C results: Subpopulations of oligoden-
drocytes and microglia can also express NeuN (Parakalan et al.,
2012; Y. Zhang et al., 2014), and these cells are known to divide
in adults. In addition, 14C can become incorporated into DNA
through methylation or DNA repair, independent of cell divi-
sion, and these processes have been shown to occur at high rates
in the hippocampus (Münzel et al., 2010; Guo et al., 2011).
Limitations of the 14C analysis approach were seen when it was
used for quantification of cellular regeneration in other tissues:
the proposed addition of new neurons to the adult caudate nu-
cleus (Ernst et al., 2014) is not supported by other work in
humans or by BrdU labeling in adult macaques (Wang et al.,
2014). 14C data have yielded controversial results about heart
muscle cell turnover: while 14C data indicated that adult humans
generate ;0.5%-1% new heart muscle cells per year (Bergmann
et al., 2009), no evidence for cell division was found with direct
microscopy examination (Mollova et al., 2013), suggesting that
14C levels might not be correlated with proliferation levels. In
summary, these comparisons show that, although the 14C
method is innovative, the approach has not been validated in ani-
mal models to ensure accurate interpretation or reproduced in
multiple laboratories.

New data regarding hippocampal progenitor cells and young
neurons have started to emerge from single-nucleus and bulk
RNA transcriptomics. The GTEx Project (GTEx Consortium,
2017) yielded 14,963 individual nuclei from adult human sam-
ples (hippocampus and PFC) that were transcriptomically pro-
filed by Habib et al. (2017). They originally identified various
clusters related to neuronal and glial cell types (Fig. 5A).
Interestingly, one cluster (cluster 14 in the original study) con-
sisted of 201 cells from hippocampus that were labeled by the
authors as “neuronal stem cells” (NSCs) (Fig. 5B) based on the
expression patterns of a handful of putative NSC marker genes.
However, many of the top genes that define this cluster,
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including FOXJ1 and DNAH5, are functionally related to motile
cilia, suggesting that this cluster may indeed represent ependy-
mal cells. We performed a reanalysis of this dataset combined
with an enrichment analysis of snRNAseq clusters with ependy-
mal molecular markers previously identified in published mouse
(Zeisel et al., 2015) or human (Kelley et al., 2018) sources. Our
analyses revealed highly significant and specific enrichment of
these gene sets in cluster 14 (Fig. 5C). This reanalysis of these
datasets indicates that the nuclei in this cluster correspond to ep-
endymal cells and not NSCs. For this Dual Perspectives article,
we also analyzed DCX expression in the same dataset and
observed weak and scattered expression in nuclei corresponding
to various cell types. Most DCX1 cells corresponded to
GABAergic neurons, oligodendrocyte precursor cells, and excita-
tory neurons from PFC, with hardly any DCX expression
detected in excitatory neurons from DG (Fig. 5D–F). Overall,
only 5.12% of cortical cells (268 of 5234) and 1.11% of hippo-
campal cells (99 of 8903) had any DCX expression, which was
detected at extremely low levels (1-3 UMIs; Fig. 5E). Another
recent study performed snRNAseq of human hippocampus and
found no evidence of a DCX-enriched cell population (Franjic et
al., 2021). The authors did observe DCX-immunolabeled cells in
the amygdala and entorhinal cortex, as we have (Sorrells et al.,
2019); this might represent a reservoir of immature neurons (La
Rosa et al., 2020a). The nature of these cells remains unknown,
and they merit further evaluation.

Because technical variability and sampling bias can impact
snRNAseq data (Kelley et al., 2018), for this Dual Perspectives ar-
ticle, we also analyzed bulk RNA expression data from 117 sam-
ples of adult human hippocampus from the GTEx Project and
found that expression of DCX and proliferation genes (MKI67
and MCM2) was at noise levels (Fig. 5F). Yet another study of
bulk RNA expression data in human hippocampus from prenatal
to adult ages also found that expression of genes associated with
neurogenesis, including DCX, declines rapidly after birth
(Kumar et al., 2019). These data support the absence or limited
presence of young neurons and dividing cells in adult human
hippocampus, in line with our histologic analyses. Although
transcription does not always correlate strongly with protein
abundance (Greenbaum et al., 2003; Maier et al., 2009), these
data are collectively consistent with our observations and suggest
that, if neurogenesis continues in adult human DG, it is a rare
phenomenon. Novel methods to label and study newborn cells
or an approach to determine the ages of cells may help clarify the
nature of DCX1 cells in adult humans.

In conclusion, in the adult rodent brain, many new neurons
continue to be generated in the V-SVZ of the lateral ventricle
and the SGZ in the DG of the hippocampus. Whether similar
processes occur in the adult human brain remains inconclusive
and controversial. We argue that extensive antigen retrieval, or
special immunocytochemical procedures (Moreno-Jiménez et
al., 2019; Flor-García et al., 2020), are not needed to identify
young neurons. With staining procedures that clearly reveal
DCX1 cells in amygdala, entorhinal, or parahippocampal cortex,
we observe no evidence of young neurons in the DG. The dou-
ble-antigen retrieval and immunocytochemical amplifications
could reveal DCX-like proteins (Balthazart and Ball, 2014;
Vellema et al., 2014; R. X. Liu et al., 2020); low levels of DCX
known to be present in mature neurons (Ohira et al., 2019) or
expression in non-neuronal cells (Verwer et al., 2007; Boulanger
and Messier, 2017; J. Y. Liu et al., 2018; Sorrells et al., 2018;
Unger et al., 2018; Franjic et al., 2021). Most neurons presented
in Moreno-Jiménez et al. (2019) have a mature morphology and

are located deep in the GCL, a location occupied by neurons that
generated earlier developmental stages. There is also little evi-
dence of progenitor cell proliferation within this region that
would be expected for the reported density of DCX1 cells.
Together, our observations suggest that, in the adult human hip-
pocampus, the addition of new neurons is rare or nonexistent.

We hope this discussion will stimulate new approaches to
evaluate the production of new neurons in the human brain.
Adult neurogenesis has been studied using lineage tracing, birth-
dating, and physiological measurements in only a small subset of
mammalian species: macaque (Kornack and Rakic, 1999), sheep
(Pérez-Martín et al., 2003; Brus et al., 2013), and rabbit (Luzzati
et al., 2003); yet adult neurogenesis is thought to be a phenom-
enon that is widespread in mammals. Based on marker expres-
sion, there has been an effort to survey a variety of other
mammalian species (Patzke et al., 2015). Even among the limited
mammalian observations, high variability in the density of
immature neurons and how it relates to a specific function have
been reported. Adult mammals, such as dolphins and whales,
with large complex brains that encounter complex memory and
navigational challenges, do not appear to have new neurons in
their hippocampi (Patzke et al., 2015; Parolisi et al., 2018). It is
possible that species longevity or increased brain size constrains
neurogenesis (Paredes et al., 2016; Charvet and Finlay, 2018;
Snyder, 2019). It has also been previously speculated that long-
term retention of memories might be incompatible with constant
neuronal replacement (Rakic, 1985). An evolutionary and neuro-
ethological perspective could provide important clues about the
reasons for the decrease in this phenomenon along phylogenies
(Nottebohm, 2002; Barnea and Pravosudov, 2011; Oppenheim,
2019).

Even if adult hippocampal neurogenesis in humans is rare, or
nonexistent, studies of adult neurogenesis in rodents and in
other species are extremely important: they provide basic infor-
mation on how new neurons are made, the factors that regulate
the division of neural stem cells and intermediate progenitors,
and the way in which young neurons migrate and integrate
within adult brain. These studies are fundamental to understand
how young new neurons contribute to neural circuit function
and plasticity and could help develop new approaches for neuro-
nal replacement and repair.

Response From Dual Perspective Companion
Author–María Llorens-Martín

It is not our intention to criticize the work of our col-
leagues. However, we consider that some statements
made by Sorrells et al. are potentially misleading and
should be clarified here:

Sorrells et al. claim that the application of a protocol sim-
ilar to ours resulted in the appearance of unspecific DCX
staining in their samples. Unfortunately, neither the pro-
tocol nor the tissue fixation/processing methodology they
used is described in their Dual Perspectives article. We
clearly demonstrated that DCX1 cells are observed in
human DG samples fixed for,12 h in the absence of any
pretreatment of the tissue (Moreno-Jiménez et al., 2019,
Extended Data Fig. 2). Longer fixation of the samples
obtained from the same individuals does require the
application of particular pretreatments (see below) to
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reveal equivalent numbers of cells. These rigorous control
experiments demonstrate that excessive fixation results in
signal decay, a general phenomenon discovered six deca-
des ago. We appreciate that the detailed description of our
strictly controlled methodology has facilitated the reprodu-
cibility of our data (see Sorrells et al., their Fig. 3C).

Contrary to that stated by Sorrells et al., our optimized
protocol is not based on dual antigen retrieval. Instead, it
relies on mild antigen retrieval, incubation with NaBH4

(an aldehyde reducing agent), and autofluorescence elim-
ination. The observation of DCX1 cells in other brain
regions reported here by Sorrells et al. may indeed be
caused by excessive antigen retrieval (Flor-García, 2020,
their Fig. 4). Importantly, we do not observe these cells
with our carefully controlled protocol.

Our meticulous efforts to robustly demonstrate the pres-
ence of DCX1 cells in the human DG included the use of
five anti-DCX antibodies raised against different epitopes
of the protein, all of which rendered similar results.
Together with a tightly controlled preadsorption protocol,
these data demonstrate the absence of cross-reactivity and
validate signal specificity in the human DG. Similar ex-
haustive validation methods are crucial to prove the pres-
ence of DCX1 cells in other regions of the human brain.

We acknowledge the putative value of state-of-the-art
methodologies, such as single-cell RNAseq (scRNAseq),
to study adult hippocampal neurogenesis. However, as
Sorrells et al. affirm, these techniques still lack robust val-
idation in this context. For instance, .90% of the DCX1

cells reported by Moreno-Jiménez et al. (2019) are
Prox11, which is exclusively expressed by dentate gran-
ule cells. In contrast, the RNAseq data reanalyzed by
Sorrells et al. point to DCX mRNA expression in cells
that do not express DCX protein (e.g., interneurons).
This fact calls for caution when interpreting the latter
results and questions their validity to refute the occur-
rence of human adult hippocampal neurogenesis.

Finally, Alvarez-Buylla questions the existence of a prolif-
erative niche in the human DG. However, cell prolifera-
tion in this region has been reported by several studies,
including ours (see Moreno-Jiménez et al., 2019, Fig. 2).
Unfortunately, Sorrells et al. did not mention this evi-
dence in their Dual Perspectives article. We fully agree
with Alvarez-Buylla that deciphering the potentially
unique features of the human hippocampal germinative
zone is of capital importance and equally consider that
addressing these differences merits in-depth studies, such
as those currently being undertaken in our laboratory.
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