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Abstract

The hippocampus hosts the continuous addition of new neurons throughout life—a

phenomenon named adult hippocampal neurogenesis (AHN). Here we revisit the

occurrence of AHN in more than 110 mammalian species, including humans, and dis-

cuss the further validation of these data by single-cell RNAseq and other alternative

techniques. In this regard, our recent studies have addressed the long-standing con-

troversy in the field, namely whether cells positive for AHN markers are present in

the adult human dentate gyrus (DG). Here we review how we developed a tightly

controlled methodology, based on the use of high-quality brain samples (character-

ized by short postmortem delays and ≤24 h of fixation in freshly prepared 4% para-

formaldehyde), to address human AHN. We review that the detection of AHN

markers in samples fixed for 24 h required mild antigen retrieval and chemical elimi-

nation of autofluorescence. However, these steps were not necessary for samples

subjected to shorter fixation periods. Moreover, the detection of labile epitopes (such

as Nestin) in the human hippocampus required the use of mild detergents. The appli-

cation of this strictly controlled methodology allowed reconstruction of the entire

AHN process, thus revealing the presence of neural stem cells, proliferative progeni-

tors, neuroblasts, and immature neurons at distinct stages of differentiation in the

human DG. The data reviewed here demonstrate that methodology is of utmost

importance when studying AHN by means of distinct techniques across the phyloge-

netic scale. In this regard, we summarize the major findings made by our group that

emphasize that overlooking fundamental technical principles might have conse-

quences for any given research field.
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1 | INTRODUCTION

Adult hippocampal neurogenesis (AHN) encompasses the functional

integration of new dentate granule cells (DGCs) into the hippocampal

trisynaptic circuit throughout life (Zhao et al., 2006). The continuous

addition of new neurons confers the adult brain with an extraordinary

reserve of plasticity. Indeed, AHN participates in hippocampal-

dependent learning (Sahay et al., 2011; Shors et al., 2001) and mood

regulation (Hill et al., 2015), and it has been proposed to play a role in

memory loss (Akers et al., 2014). The occurrence of AHN is widespread

among the >120 mammalian species in which it has been assessed (see

Table 1 for a complete list), including rodents (Altman, 1963), shrews

(Gould et al., 1997), sheep (Brus et al., 2013), bats (Chawana

et al., 2014, 2016, 2020; Gatome et al., 2010), elephants (Patzke,

Olaleye, et al., 2014), non-human primates (Franjic et al., 2022; Gould

et al., 1999; Hao et al., 2022; Kohler et al., 2011), and humans (Boldrini

et al., 2018; Eriksson et al., 1998; Flor-Garcia et al., 2020; Knoth

et al., 2010; Manganas et al., 2007; Moreno-Jimenez et al., 2019, 2021;

Spalding et al., 2013; Terreros-Roncal et al., 2021). There may be a few

exceptions: two studies did not find evidence of AHN in northern minke

whales or in harbor porpoises (Patzke et al., 2015), nor in a small num-

ber of echolocating microbats captured from the wild (Amrein

et al., 2007). However, these results lack further replication to date.

Although AHN has been extensively characterized in rodents, technical

and ethical aspects may have limited the pace of discoveries in the

human AHN field. In this regard, although a few studies failed to detect

markers of neurogenesis in the adult human hippocampus (Dennis

et al., 2016; Franjic et al., 2022; Sorrells et al., 2018), most literature

available supports the occurrence of AHN in our species (Boldrini

et al., 2018; Eriksson et al., 1998; Knoth et al., 2010; Moreno-Jimenez

et al., 2019; Spalding et al., 2013; Terreros-Roncal et al., 2021; Tobin

et al., 2019; W. Wang et al., 2022) (see Table 2 for an extended list).

This review addresses the technical considerations that, in our view, lie

behind most controversial aspects and ambiguities related to AHN stud-

ies in humans (Flor-Garcia et al., 2020; Moreno-Jimenez et al., 2021).

AHN has various sequential stages (Figure 1) (Kempermann

et al., 2004). Two main strategies, namely the birthdating of newly

generated proliferative cells (Altman, 1963) and the detection of spe-

cific cell markers (Kempermann et al., 2004), have been used to thor-

oughly characterize AHN. This process relies on the presence of radial

glia-like (RGL) neural stem cells (NSCs) in the dentate gyrus

(DG) germinative matrix, namely the subgranular zone (SGZ). NSCs

give rise to transit-amplifying progenitors and neuroblasts, which

show a high proliferative capacity and expand neurogenic cell popula-

tions while progressively becoming committed to the neuronal line-

age. In contrast, NSCs are mostly quiescent, a phenomenon proposed

to be accentuated in aged individuals to preserve the pluripotency of

these cells throughout life (Bottes et al., 2021; Harris et al., 2021).

Neuroblasts are characterized by an immature neuronal morphology

and the expression of proteins related to the cytoskeleton and cell

plasticity, such as doublecortin (DCX) and polysialylated-neural cell

adhesion molecule (PSA-NCAM). After exiting the cell cycle, newborn

neurons go through sequential differentiation stages before becoming

fully mature. Throughout their maturation, DGCs progressively

occupy deeper positions in the granule cell layer (GCL) and show not

only more complex dendritic morphologies but also the presence of

functional dendritic spines and axons (Zhao et al., 2006).

2 | THE HISTORY OF HUMAN ADULT
HIPPOCAMPAL NEUROGENESIS

As in the rodent AHN field (Altman, 1963), birthdating strategies

were initially used to assess the occurrence of AHN in humans. In

1998, Eriksson et al. observed that the peripheral administration of

5-bromo-20-deoxyuridine (BrdU) results in the uptake of this mole-

cule into discrete proliferative cells of the human DG, thereby sup-

porting the occurrence of AHN in our species (Eriksson

et al., 1998). That pioneering study showed that, several weeks/

months after BrdU administration, BrdU-labeled cells express neu-

ronal markers. In 2014, Eriksson's results were further confirmed

by Ernst et al. (2014), who used a different thymidine analog

(5-iodo-20-deoxyuridine, IdU) and also observed the incorporation

of this molecule into the adult human DG. Their results were fur-

ther corroborated by a novel methodology, developed by Frisen's

group, to measure the incorporation of C14 into the brain (Spalding

et al., 2013). Their studies determined that �700 new neurons per

hemisphere are added daily to the human DG.

In recent decades, numerous studies have used immunohisto-

chemistry (IHC) to assess the occurrence of AHN in the human brain.

Most of this work (see Table 2) systematically reported the presence

of cells positive for AHN markers throughout human life (Boldrini

et al., 2018; Cipriani et al., 2018; Eriksson et al., 1998; Knoth

et al., 2010; Moreno-Jimenez et al., 2019; Spalding et al., 2013;

Terreros-Roncal et al., 2021). In this regard, despite decreasing

throughout physiological aging, AHN remains detectable until the

ninth decade of life (Boldrini et al., 2009; Knoth et al., 2010; Moreno-

Jimenez et al., 2019; Terreros-Roncal et al., 2021). Paradoxically, other

studies failed to detect cells positive for such markers in the same

region (Sorrells et al., 2018), although some of the authors of the

aforementioned publication affirmed the existence of human AHN in

previous studies (Galan et al., 2017). Given the specific conditions

required to perform and validate IHC results on human tissue

(Boekhoorn et al., 2006; Flor-Garcia et al., 2020), technical aspects

need, more than ever, to be carefully dissected and taken into consid-

eration when addressing these seemingly contradictory results.
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Indeed, an exhaustive revision of the literature available reveals that

tissue processing methodologies differed markedly across the studies

(see Table 2). Moreover, several articles do not disclose the criteria

used to validate antibodies signal on human tissue, tissue fixation pro-

tocols, detailed antigen retrieval procedures, cell counting methods,

and so forth. In this regard, studies by our group quantitatively dem-

onstrate that the fixation time, type of fixative, tissue pre-treatment,

and IHC protocols dramatically limit the extent to which AHN markers

are visible in the human brain (Flor-Garcia et al., 2020; Moreno-

Jimenez et al., 2019; Terreros-Roncal et al., 2021), as will be further

discussed throughout this review.

3 | CRITICAL STEPS TO STUDY HUMAN
AHN BY IHC

3.1 | Tissue fixation

Our studies (Flor-Garcia et al., 2020; Moreno-Jimenez et al., 2019;

Terreros-Roncal et al., 2021) demonstrate that prolonged fixation

impedes the visualization of numerous AHN markers in the human

hippocampus. Most of the antibodies used to detect these markers

show optimal performance in samples fixed for ≤24 h in 4% freshly

prepared PFA at 4�C (Moreno-Jimenez et al., 2019). The use of sam-

ples fixed for such short periods allows reconstruction of the main

stages encompassed by human AHN, thereby enabling visualization of

mature and immature neurons at distinct stages of differentiation

(Flor-Garcia et al., 2020; Moreno-Jimenez et al., 2019, 2021;

Terreros-Roncal et al., 2021), proliferative cells (Terreros-Roncal

et al., 2021), and NSCs (Terreros-Roncal et al., 2021) in the adult

human DG until at least the ninth decade of life.

To determine whether the performance of antibodies used to

detect AHN markers on human brain tissue depends on the duration

of tissue fixation, we obtained the whole hippocampus from several

neurologically healthy control subjects (61–87 years of age). Subse-

quently, we divided these hippocampi into several fragments. Each

fragment was fixed for a different period (namely, 1, 2, 6, 12, 24, or

48 h) in 4% freshly prepared PFA at 4�C. We next compared, for each

subject, the numbers of DCX+ and PSA-NCAM+ immature neurons

that were detected upon distinct fixation times (extended data fig. S2

of Moreno-Jimenez et al., 2019). One hour of fixation rendered exces-

sively fragile samples, which also showed diminished signal intensity.

F IGURE 1 Schematic diagram showing the main stages encompassed by adult hippocampal neurogenesis (AHN). The expression of Nestin,
SRY-box 2 (Sox2), Vimentin, paired box 6 (Pax6), Achaete-Scute family BHLH transcription factor 1 (Ascl1), brain lipid-binding protein (BLBP),
phospho-histone 3 (PH3), human neuronal proteins C and D (HuC/D), minichromosome maintenance protein 2 (MCM2), neurogenin 2 (Ngn2),
T-box brain protein 2 (Tbr2), Ki67, proliferating cell nuclear antigen (PCNA), doublecortin (DCX), neurogenic differentiation 1 (NeuroD1), β-III
tubulin, calretinin (CR), polysialic acid-neural cell adhesion molecule (PSA-NCAM), prospero homeobox 1 (Prox1), T-box brain protein 1 (Tbr1),
turned on after division/ulip/CRMP-4 (TUC-4), calbindin (CB), neuronal nuclei (NeuN), three-repeated tau (3RTau), and microtubule-associated
protein 2 (MAP-2) is shown. DGC, dentate granule cell; GCL, granule cell layer; IPCs, intermediate progenitor cells; RGL, radial glia-like; SGZ,
subgranular zone
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Conversely, fixation times between 2 and 12 h increased tissue

robustness and allowed smooth vibratome tissue sectioning and the

unambiguous observation of DCX+ and PSA-NCAM+ immature neu-

rons. The specific signal detected in these samples was accompanied

by very low background intensity. Importantly, no tissue pre-

treatment was needed to detect DCX+ or PSA-NCAM+ DGCs in sam-

ples fixed up to 12 h. Conversely, prolonged fixation (≥24 h) increased

background intensity and masked antibody-specific signal, thereby

impeding the detection of positive cells. The antigen masking caused

by moderate fixation times (24–48 h) was easily reversed by applying

mild antigen retrieval, sodium borohydride (NaBH4) incubation, and

autofluorescence elimination, as will be discussed in the next sections

of this review. The optimized protocols developed by our group (Flor-

Garcia et al., 2020) demonstrate the importance of the mildness of

the antigen retrieval step. Despite the public availability of these pro-

tocols and data, high-intensity antigen retrieval protocols were

applied in recent studies, thereby leading to the observation of an

unspecific DCX signal (Franjic et al., 2022; Sorrells et al., 2021)

(Table 2), as our own experiments predicted (fig. 4C in Flor-Garcia

et al., 2020).

3.2 | Postmortem delay

The postmortem delay (PMD), also referred to as the postmortem

interval or the delay to fixation, can be defined as the time elapsed

between exitus and sample immersion in fixative. It should not be con-

founded with the fixation time (namely the time during which a sam-

ple is immersed in a fixative). Despite legal issues that unavoidably

lengthen the PMD, several studies recommend the use of samples

with the shortest PMD possible (de Ruiter, 1983; Eymin et al., 1993;

Robinson et al., 2016; Sorensen, 1984). In general terms, proteins and

ribonucleic acid (RNA) may be sensitive to postmortem degradation

(Perrett et al., 1988). In fact, several authors (Kempermann

et al., 2018; Lucassen, Fitzsimons, et al., 2020; Lucassen, Toni,

et al., 2020) pointed to prolonged PMDs as the cause for the putative

absence of AHN markers in the human DG reported by Sorrells

et al. (2018).

However, subsequent research revealed that, although certain

proteins may show particularly rapid postmortem degradation

(Boekhoorn et al., 2006; Sorensen, 1984; Terstege et al., 2022),

especially in certain regions of the brain (Siew et al., 2004), the

immunodetection of most proteins and enzymes is moderately

resistant to this phenomenon (Blair et al., 2016; Ritchie

et al., 1986; Schut et al., 2017; Wang et al., 2000). For instance,

although NR2A and NR2B subunits appear to be rapidly degraded

after death (Wang et al., 2000), most subunits of N-methyl-D-

aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-

4-isoxazolepropionic acid (AMPA)-type glutamate receptors are

stable at �18 h PMD. Studies performed by Boekhoorn et al.

(2006) and Terstege et al. (2022) suggested enhanced susceptibil-

ity of DCX to postmortem degradation. These authors observed

that, in rat samples with artificially induced prolonged PMDs

(≥8 h), DCX staining disappears from the dendrites and is restricted

to the soma and nucleus of immature DGCs. Terstege et al.

reported that this phenomenon is accentuated in aged animals

(Terstege et al., 2022). DCX is detected in the human DG at pro-

longed PMD intervals (Flor-Garcia et al., 2020; Moreno-Jimenez

et al., 2019, 2021; Terreros-Roncal et al., 2021). Our quantitative

and qualitative data reveal the stability not only of the number of

DCX+ immature neurons in the human DG but also dendritic stain-

ing with this marker up to at least 38 h PMD. These results suggest

putative inter-species differences in either the sensitivity of DCX

protein to degradation or the binding capacity of distinct anti-DCX

antibodies to their respective epitopes. However, these hypothe-

ses lack further experimental evidence.

In line with our results that moderate PMDs are compatible with

the study of most AHN markers in the human brain using IHC, recent

work performed on 556 postmortem human brains (6–279 h PMD)

showed no significant correlation between brain pH, a widely used tis-

sue quality indicator, and the PMD (Robinson et al., 2016). Another

study (Blair et al., 2016) elegantly analyzed the intra-individual effects

of artificially increasing PMDs. Those authors reported unchanged

immunostaining profiles for most of the proteins studied after ≥50 h

PMD, although degradation patterns were observed for several pro-

teins by means of western blot (Blair et al., 2016). These carefully con-

trolled experiments question the generalized notion that extended

PMD is detrimental per se for the study of the human brain using

IHC. Nevertheless, the results by Boekhoorn et al. (2006) and others

(Terstege et al., 2022), together with the fact that the sensitivity of a

particular protein to postmortem degradation cannot be predicted,

indicate that performing adequate controls for each protein of interest

and reporting individual PMDs should be mandatory in research pro-

tocols or scientific studies. Moreover, the use of materials with the

shortest PMD possible is recommended when studying novel or puta-

tively labile molecules (Robinson et al., 2016), and when setting up

and validating new methodologies, such as single-cell (sc) or single-

nucleus (sn) RNA-seq (Kalinina & Lagace, 2022).

3.3 | Autofluorescence elimination

The aged human brain is particularly enriched in a lipid pigment

named lipofuscin (Glees & Hasan, 1976). Neurons accumulating lipo-

fuscin show a characteristic granular morphology that has been

described under transmitted light, fluorescence, and electron micros-

copy (Glees & Hasan, 1976). The presence of lipofuscin granules in

the human brain increases with age but starts to be observed during

the first decade of life (Goyal, 1982). Indeed, immature and newly

generated neurons exhibit less lipofuscin than their developmentally

generated counterparts (Ernst et al., 2014; Roeder et al., 2022;

Spalding et al., 2013).

In addition to the presence of abundant lipofuscin granules, brain

tissue shows a great amount of primary background fluorescence

(autofluorescence). It has been known for several decades that the

autofluorescence of cell and tissue components depends on the
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fixative used and fixation time, as well as on excitation wavelength

(Del Castillo et al., 1989). In particular, aldehyde fixation causes higher

autofluorescence than methanol or ethanol/acetic acid (Del Castillo

et al., 1989). Autofluorescence related to aldehyde fixation is attrib-

uted to the formation of Schiff's bases between amines released upon

cell death and the aldehydes present in the fixative solution

(Willingham, 1983). Importantly, Schiff's bases show high autofluores-

cence capacity. In fact, the intense autofluorescence observed in the

human brain compromises the visualization and signal specificity of

numerous antibodies. Several strategies have been used to decrease

or eliminate autofluorescence in this tissue. Clancy et al. showed that

a 30-min immersion of free-floating brain tissue sections in a sodium

borohydride (NaBH4, 0.1%) solution reduces background fluorescence

by �30% (Clancy & Cauller, 1998), as this compound neutralizes

Schiff's bases by reducing the amine-aldehyde compounds into their

corresponding non-fluorescent salts (Clancy & Cauller, 1998;

Willingham, 1983). We (Flor-Garcia et al., 2020; Moreno-Jimenez

et al., 2019; Terreros-Roncal et al., 2021) and others (Boldrini

et al., 2018; Boldrini et al., 2009) have successfully subjected such

samples to NaBH4 incubation when studying human AHN. In particu-

lar, our data revealed that a 30-min incubation with a 0.5% solution of

NaBH4 reduces background autofluorescence by �40% (fig. 4E and F

in Flor-Garcia et al., 2020) and is therefore optimal for the visualiza-

tion of several AHN markers in the human DG (Flor-Garcia

et al., 2020; Moreno-Jimenez et al., 2019; Terreros-Roncal

et al., 2021).

Other reagents, such as Sudan black (Baschong et al., 2001;

Kajimura et al., 2016), are useful to remove autofluorescence from

human brain tissue. In particular, the use of commercial solutions of

Sudan Black (such as the Autofluorescence Eliminator reagent [EMD

Millipore]) reduces background and lipofuscin granule intensity in

human DG samples, thereby facilitating the identification of AHN

markers (fig. 5 in Flor-Garcia et al., 2020). Other strategies, such as

the use of LED lamps to quench fluorophores, have been assayed to

eliminate autofluorescence in predominantly non-mitotic tissues such

as the human brain (Sun et al., 2017).

In our hands, the most effective strategy to remove autofluores-

cence from aldehyde-fixed human brain samples combines a 30-min

incubation with a 0.5% solution of NaBH4 before IHC with a brief

(5-min) incubation with a commercial solution of Sudan Black

(Autofluorescence Eliminator reagent [EMD Millipore]) at the end of

the IHC protocol (Flor-Garcia et al., 2020; Moreno-Jimenez

et al., 2019, 2021; Terreros-Roncal et al., 2021). Importantly, none of

these steps should be confounded with antigen-retrieval protocols,

aimed at unmasking antibody-specific signal and which are further dis-

cussed below.

3.4 | Antigen retrieval

Although some epitopes are unaffected by the PMD (Bowers

et al., 2003), epitope masking might unavoidably occur after pro-

longed aldehyde fixation. This process prevents antibodies from

detecting and binding the antigens they have been raised against. To

unmask epitopes that are especially sensitive to the fixation process,

distinct antigen retrieval protocols can be applied to increase the

specificity of the signal detected (Smith & Lippa, 1995). We and

others have observed that antigen retrieval protocols are necessary to

detect only certain antigens and under specific fixation conditions

(Flor-Garcia et al., 2020; Moreno-Jimenez et al., 2019, 2021;

Terreros-Roncal et al., 2021, 2022a, 2022b). In this regard, the detec-

tion of DCX in samples fixed for ≤12 h does not require the applica-

tion of antigen retrieval protocols (Moreno-Jimenez et al., 2019). In

contrast, samples fixed for 24–48 h, need to be subjected to a mild

heat-mediated citrate buffer antigen retrieval protocol (HC-AR)

(Moreno-Jimenez et al., 2019). The mildness of the latter step is cru-

cial to increase the intensity of the specific signal without affecting

that of the background (Flor-Garcia et al., 2020). Conversely, our stud-

ies show that the application of a harsh antigen retrieval approach

cause the appearance of an unspecific antibody signal (Flor-Garcia

et al., 2020). We have optimized an antigen retrieval protocol to

achieve high-quality performance on human DG samples (Flor-Garcia

et al., 2020; Moreno-Jimenez et al., 2019; Terreros-Roncal

et al., 2021). This protocol consists of exposing brain samples

immersed in a commercial citrate buffer-based solution to short and

strictly controlled microwave radiation cycles, followed by a subse-

quent 20-min incubation in a water bath. Given that aggressive anti-

gen retrieval may lead to lack of signal specificity, our results show

that finely adjusting the characteristics of antigen retrieval protocols

is an essential step required to perform rigorous AHN studies (fig. 4C

in Flor-Garcia et al., 2020).

Other authors have reported that, depending on the duration of

tissue fixation, distinct antigen retrieval conditions are optimal for the

detection of particular epitopes. In general, long fixation times require

high-intensity antigen retrieval (increased heating duration and/or use

of lower pH values [Taylor et al., 1994]). For instance, it has been pro-

posed that the detection of the proliferation marker Ki-67 is optimal

when antigen retrieval is performed at low pH (Shi et al., 1995),

whereas standard pH 6.0 is suboptimal for samples fixed for longer

than 24 h (Munakata & Hendricks, 1993). In fact, Boekhoorn et al.

(2006) compared the adequacy of antigen retrieval under distinct pH

conditions, namely pH 1.0 (0.1 M HCL), pH 3.0 (0.01 M citrate buffer),

pH 6.0 (0.01 M citrate buffer) and pH 9.0 (0.01 M Tris), to detect Ki-

67+ signal in the human DG. Those authors concluded that the lowest

pH renders the highest quality signal on human adult hippocampal tis-

sue. Similar systematic studies are, therefore, needed to optimize anti-

gen retrieval protocols for each antibody intended to be used on

human brain samples.

3.5 | The immunohistochemistry protocol

3.5.1 | Antibody signal validation

The validation of primary and secondary antibodies is essential to

assess any biological process using IHC. Moreover, given discrepant
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results reported in the literature, unambiguous signal validation gains

further relevance in the context of AHN studies. Although an anti-

body is theoretically designed to target a protein of interest in a par-

ticular species, some antibodies produce unspecific staining, high

background, or artifactual detection of other proteins (Flor-Garcia

et al., 2020). Moreover, determining whether an observed signal is

indeed specific is not straightforward. Despite inter-species differ-

ences, a general recommendation to validate a new antibody in a

given species is to compare the signal obtained with that described in

rodents (whenever this information is available). In this regard, the

subcellular distribution of the signal observed should be, a priori, simi-

lar in both species (for instance, a microtubule-associated protein is

expected to label cytoplasmic structures). Also, the same cell types

are expected to be either positive or negative for that marker in both

species. In this respect, morphological criteria can be used to identify

cell types. However, evaluation of the co-expression of other markers

that have been validated previously is advised whenever possible

(Flor-Garcia et al., 2020; Moreno-Jimenez et al., 2021; Terreros-

Roncal et al., 2021). If unexpected cell types appear to show positive

staining, further validation with alternative methods (see below) might

be required. In particular, in the case of AHN makers, widespread sig-

nal is not expected to be observed in non-neurogenic regions of the

brain, although there might be exceptions. In this regard, observations

of staining with anti-DCX antibodies in non-neurogenic regions have

been used to refute the occurrence of human AHN (Alvarez-Buylla

et al., 2022; Sorrells et al., 2021). This assumption overlooks two

important considerations: first, the existence of DCX+ neurons in

non-neurogenic regions of the mouse brain is compatible with the

occurrence of rodent AHN and there is no evidence supporting the

opposite in humans. Second, a recent study revealed that the DCX+

signal observed in the macaque cortex is not only unspecific but also

artifactual (Liu et al., 2020). This finding thus calls for caution when

interpreting DCX+ signal in non-neurogenic regions of the primate

brain (Terreros-Roncal et al., 2022b).

To assess the specificity of a given antibody, distinct strategies,

such as the use of synthetic blocking peptides that mimic the antigen

recognition domain by antibodies (Liu et al., 2020; Moreno-Jimenez

et al., 2019), can be tested. For instance, the pre-adsorption of an

anti-DCX antibody with a specific blocking peptide causes the disap-

pearance of the DCX+ signal by both dot-blot and IHC (Moreno-

Jimenez et al., 2019), thereby confirming the authenticity of the DCX

signal detected in the human DG. Strikingly, the incubation of anti-

DCX antibodies with hippocampal extracts causes the DCX+ signal to

disappear in macaque cortices but not in the hippocampi of this ani-

mal (Liu et al., 2020). These results question the specificity of certain

anti-DCX antibodies used in previous studies (Sorrells et al., 2018), as

they might detect other proteins that potentially share structural

properties with DCX in some regions of the primate brain (Liu

et al., 2020).

It is also important to note that not all the commercially available

antibodies raised against a given protein render specific signal even

under ideal sample processing conditions (Flor-Garcia et al., 2020). To

further validate DCX staining in the human DG, we quantitatively

compared the performance of various anti-DCX antibodies raised

against distinct domains of the protein. As shown in Moreno-Jimenez

et al. (2019), the quality of the signal, the signal/background ratio, and

the working concentrations differed among the distinct commercial

antibodies tested. However, all of them rendered comparable num-

bers of DCX+ immature neurons (Moreno-Jimenez et al., 2019). This

finding thus supports the suitability of these antibodies to specifically

detect DCX in the human DG. As previously mentioned, none of the

nine commercially available antibodies we tested were able to detect

DCX+ cells in human hippocampal samples fixed for 6 months in for-

malin (Flor-Garcia et al., 2020; Moreno-Jimenez et al., 2019). Impor-

tantly, the lack of DCX signal caused by excessive fixation was

observed not only in adult samples but also in tissue obtained from

juvenile and infantile subjects (Figure 2), in which the occurrence of

neurogenesis has not been disputed to date.

3.5.2 | IHC buffer

Additionally, the optimal detection of certain antigens might require

particular IHC conditions. In this regard, the choice of the deter-

gent present in wash and incubation buffers is frequently over-

looked in the design of antibody validation protocols. Our data

show that one of the most used detergents, namely Triton X-100,

is suboptimal for the detection of NSC markers such as Nestin in

the adult human hippocampus (Terreros-Roncal et al., 2021). Triton

X-100 replacement by a milder detergent, such as saponin, enables

the detection of cells positive for Nestin in this structure (Terreros-

Roncal et al., 2021). The combination of Nestin with astrocyte

markers such as S100β has revealed the phenotypic NSC properties

of these cells in the human hippocampus (Terreros-Roncal

et al., 2021). NSCs express Nestin, Vimentin, Sox2 and GFAP but

lack S100β. Moreover, these cells show specific morphological

properties (such as their main location at the SGZ and the presence

of long, distally-branched processes that transverse the GCL)

(Terreros-Roncal et al., 2021, 2022a, 2022b). Although we have

found that saponin negatively impacts the detection of other AHN

markers, the signal intensity or signal/background ratio may experi-

ence slight variations with respect to the use of Triton X-100. In

this regard, signal characteristics should be tightly monitored when

setting up the use of new antibodies.

3.6 | CELL COUNT METHODS

The number of cells positive for AHN markers reported in distinct

studies shows apparently dissimilar orders of magnitude, which can be

attributed to a variety of technical reasons. In this respect, although

unbiased stereological methods were applied in several of these stud-

ies (Boldrini et al., 2018; Flor-Garcia et al., 2020; Knoth et al., 2010;

Moreno-Jimenez et al., 2019; Terreros-Roncal et al., 2021; Tobin

et al., 2019), the strategies applied to determine cell numbers were

not coincident (see Table 2).
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The use of stereology frequently involves normalization of the

number of cells counted by the reference volume/area (namely the

volume/area of the structure in which cells were counted). Therefore,

the choice of such a reference structure is the first source of variabil-

ity. Some studies divided the number of cells counted by the length of

the SGZ/GCL boundary or by that length multiplied by the thickness

of the section, whereas in other studies, such as ours (Flor-Garcia

et al., 2020; Moreno-Jimenez et al., 2019; Terreros-Roncal

et al., 2021), the number of cells counted was divided by the volume

of the GCL. Therefore, the resulting cell densities calculated in these

studies have, indeed, distinct orders of magnitude and units (number

of cells/mm or cells/mm2 vs. number of cells/mm3).

Cell counts can be performed using automated cell detection soft-

ware or can be done manually, which further increases putative sources

of variability between studies. Some authors applied semi-automatic sys-

tems such as Stereoinvestigator to calculate cell numbers, as well as to

detect the reference volume/length (Boldrini et al., 2018; Tobin

et al., 2019). Conversely, we performed an unbiased random sampling of

the tissue by acquiring several individual stacks of images per subject

under a confocal microscope, which was followed by manual cell counts

(Flor-Garcia et al., 2020; Moreno-Jimenez et al., 2019; Terreros-Roncal

et al., 2021). Automatic versus manual cell count systems may use dis-

tinct criteria to assign a given cell the attribute of “positive” for a certain

marker, Moreover, these systems may show variable signal detection

thresholds or may present distinct capacity to discriminate signal versus

background, among other factors, thereby accounting for great variations

in the number of cells detected.

Moreover, not only does the microscopy equipment used (confo-

cal, conventional, or epifluorescence microscopes) differ between

studies but so does the unbiased stereological method applied to esti-

mate cell densities. Several studies used optical dissector and fraction-

ator methods (Boldrini et al., 2018; Tobin et al., 2019), in which a

device coupled to an optical microscope goes through the entire

thickness of the tissue to detect positive cells. Conversely, other

groups, such as ours, used the physical dissector method coupled to

confocal microscopy for cell count purposes (Llorens-Martin, Torres-

Aleman, & Trejo, 2006). In the latter method, extremely thin sections

are obtained under a confocal microscope, thereby allowing for accu-

rate Z-axis resolution and furthering the precision of cell counts

(Llorens-Martin et al., 2006).

A very small number of human AHN studies have reported total

numbers of cells in the entire DG (Boldrini et al., 2018; Tobin

et al., 2019), for which previous determination of the DG total volume

is required but is not always possible. To circumvent this difficulty,

other studies, such as ours (Flor-Garcia et al., 2020; Moreno-Jimenez

et al., 2019; Terreros-Roncal et al., 2021), reported relative

F IGURE 2 Immature neurons
in the infantile human
hippocampus. (a) Neonate human
hippocampus upon 24 h of
sample fixation in 4% freshly
prepared paraformaldehyde. The
presence of abundant immature
neurons is detected. (b) Neonate
human hippocampus upon

6 months of fixation. The
presence of immature neurons is
no longer detected in this sample.
White scale bar: 50 μm. DAPI,
40 ,6-diamidino-2-phenylindole;
DCX, doublecortin; GCL, granule
cell layer; Green triangles,
immature neurons; H, hilus;
ML, molecular layer
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(normalized) cell densities. Therefore, a direct comparison of normal-

ized versus absolute numbers of cells is not possible. Similarly, two

studies (Boldrini et al., 2018; Tobin et al., 2019) examined the whole

rostro-caudal extent of the human DG, whereas only the posterior

pole of the anterior hippocampus was examined in Moreno-Jimenez

et al. (2019) and Terreros-Roncal et al. (2021). Consequently, differ-

ences in the precise anatomical regions examined may add further dis-

parity to the number of cells reported.

In light of the variety of methodological approaches used to per-

form cell counts in the available literature (see Table 2), data showing

distinct orders of magnitude or units should not be considered contra-

dictory a priori but rather interpreted as being calculated and reported

in a dissimilar manner.

4 | COMPLEMENTARY METHODOLOGIES
TO THE USE OF IHC

Although most studies addressing the occurrence of human AHN

in vivo are based on the use of IHC (see Table 2), several studies

explored alternative methodological approaches, as discussed below.

In 2007, the use of functional magnetic spectroscopy by Maletic-

Savatic's group allowed the detection of human and murine hippo-

campal NSCs in vivo (Manganas et al., 2007). Further research by that

group revealed putative metabolites that could account for that spe-

cific signal (Kandel et al., 2022). The approach proposed by Maletic-

Savatic's group paved the way for the subsequent development of

strategies aimed at noninvasively detecting AHN levels, such as the

design of novel ligands and enhanced detection methods for positron

emission tomography (PET) brain imaging (Tamura et al., 2016). The

potential for further optimization of such noninvasive methodologies

lies in their capacity not only to monitor the rate of AHN in living sub-

jects but also to potentially allow the correlation of AHN with, for

instance, cognitive scores. Such correlative analyses might be relevant

to determine the role played by newly generated neurons in human

behavior. Alternatively, some authors have proposed an in vitro

approach to correlate proxies for human adult neurogenesis and, for

example, cognitive scores (Du Preez, Lefevre-Arbogast, Gonzalez-

Dominguez, et al., 2022; Du Preez, Lefevre-Arbogast, Houghton,

et al., 2022).

Several years ago, Frisen's group developed a ground-breaking

methodology, based on the measurement of C14 incorporation into

the adult brain, which allowed them to demonstrate the addition of

new neurons to certain brain regions such as the hippocampus and

the striatum (Ernst et al., 2014; Spalding et al., 2013). They corrobo-

rated their findings by IHC and lipofuscin quantification, which

revealed the presence of newborn immature neurons in these struc-

tures. Moreover, using mathematical modeling, they determined that

700 new neurons are added daily to the human DG.

In recent years, scRNAseq/snRNAseq have been used to recon-

struct cellular trajectories in various animal species. Regarding human

studies, strong discrepancies are found in the literature, even upon

the re-analysis of published datasets (Ayhan et al., 2021; Franjic

et al., 2022; Habib et al., 2017; Sorrells et al., 2021). Such discrepan-

cies might be partially related to technical dissimilarities between

studies (reviewed in Kalinina and Lagace, 2022). In this regard, dra-

matic variations in sample characteristics (including the PMD), tissue

dissection, cell/nuclei isolation and purification, and result analysis are

found in the literature (Kalinina & Lagace, 2022). Of note, Ayhan et al.

(2021) used biopsy samples with �12 min PMD, which likely rendered

high-quality transcriptomes and which sharply contrast with the pro-

longed 9–12 h PMD used in Franjic et al. (2022).

One of the first key steps in sc- and sn-RNAseq protocols is the

generation of high-quality single-cell suspensions. sc-RNAseq has

been shown to outperform sn-RNAseq as it captures more transcripts

per cell (Ding et al., 2020; Habib et al., 2017). Most studies addressing

human AHN have used the “Frankenstein” method for cell suspension

preparations (Ayhan et al., 2021; Habib et al., 2017; Tran et al., 2021).

Conversely, Franjic et al. used sucrose gradient centrifugation to iso-

late nuclei (Franjic et al., 2022). The number of cells/nuclei analyzed in

distinct scRNAseq/snRNAseq human AHN studies presents remark-

able variability (14,963 hippocampal cells obtained from 4 male non-

diseased donors [40–65 years] and subjected to Drop-seq and

DroNc-seq were analyzed by means of Seurat in Habib et al., 2017;

10,268 cells obtained from 3 male neurotypical donors [40–69 years]

were analyzed by means of 10� Genomics, Bioconductor, and

MAGMA in Tran et al., 2021; 109,208 cells isolated from 5 male and

female patients [24–60 years] with epilepsy were subjected to 10�
Genomics, Seurat, GO, and MAST in Ayhan et al., 2021; 32,067 DG

cells obtained from 6 male and female clinically unremarkable donors

[�52 years] were subjected to 10� Genomics and analyzed by means

of Seurat, Velocyto, and scVelo in Franjic et al., 2022; 22,119 cells

obtained from 4 male and female subjects [67–92 years] were sub-

jected to 10� Genomics sc-RNAseq and sc-ATAC-seq and analyzed

by means of Seurat, Signac, and Cell Ranger in Wang et al., 2022; and

151,701 nuclei obtained from 38 male and female subjects [20 gw–

92 years] were subjected to Drop-seq and SPLiT-seq and analyzed by

means of Seurat, supervised machine learning approaches in Zhou

et al., 2022). Noise control strategies and cell exclusion criteria also

varied dramatically between these studies.

The aforementioned methodological variability, together with a

notable diversity in the depth of analysis of these studies, may

account for their distinct resolution capacity to identify various cell

populations, especially those that are present in low abundance, such

as NSCs. It should be noted that, according to our own quantitative

data, it would be necessary to analyze 1,000,000 DGCs to detect a

cluster of 200 NSCs in the human DG (Terreros-Roncal et al., 2021).

In this regard, Franjic et al. failed to identify NSCs in the DG of three

adult human subjects (Franjic et al., 2022). Conversely, Ayhan et al.

(2021), Habib et al. (2017), Wang et al. (2022), and Zhou et al. (2022)

robustly identified a quantitatively modest but detectable cluster with

neural progenitor characteristics in the adult human DG. Moreover,

the latter publication provided the first reconstruction of the entire

primate AHN trajectory by means of snRNA-seq, thereby identifying a

maturation continuum from quiescent and active NSCs to proliferative

cells, early and late immature DGCs, and mature DGCs in human
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beings and macaques (Wang et al., 2022), as did another recent publi-

cation in the latter species (Hao et al., 2022). The study by Zhou et al.

(2022) further confirmed the proliferative capacity of the human DG

by showing in vitro EdU (5-ethynyl-20-deoxyuridine) incorporation

into this structure. Moreover, proliferative cells expressed neuronal

markers after several weeks. The results of these studies thus raise

important caveats about the negative results reported in other

studies.

Despite the potential usefulness of sc- and sn-RNAseq to

reconstruct entire cellular trajectories, important technical aspects,

such as the impact of distinct cell isolation methods, the PMD, and

other factors, remain unsolved. Moreover, the lack of consensus

validation criteria, variations in threshold and clustering strategies,

together with putative artifacts derived from tissue processing

(Marsh et al., 2022), may underpin the existing controversy between

sc/sn-RNAseq studies. Additionally, important numerical consider-

ations, such as the required minimum number of high-quality cells/

nuclei required for any intended analysis, need to be carefully exam-

ined to adequately interpret results, especially in the context of neg-

ative results. Table 3 summarizes the most important

methodological aspects that differ between various original publica-

tions that aimed to address AHN in primates using sc- and sn-

RNAseq.

5 | FINAL CONSIDERATIONS

The publication of a study in 2018 proposing the absence of AHN

markers in the adult human hippocampus (Sorrells et al., 2018)

gave rise to so-called controversy in the field. This controversy

revolved around whether cells positive for AHN markers were

present in the human DG. We experimentally demonstrated that

certain tissue processing methodologies (such as prolonged fixa-

tion, or absence/inadequacy of antigen retrieval protocols) are

incompatible with the observation of well-validated AHN markers

in this structure. Our studies revealed that NSCs, neuroblasts, and

immature neurons are present in the adult human DG until at least

the ninth decade of life (Flor-Garcia et al., 2020; Moreno-Jimenez

et al., 2019; Terreros-Roncal et al., 2021).

Once this fundamental aspect of the original controversy had been

resolved, public debate has been diversified into other secondary

aspects, mostly unrelated to the original topic, and not supported by

experimental evidence either, as previously discussed (Terreros-

Roncal et al., 2022b). Our strict control experiments reveal that over-

looking crucial methodological aspects may potentially have (tempo-

rary) consequences for any field of research. Whether slight

methodological variations have a similar impact on the study of other

processes putatively occurring in the adult human brain (or on the

identification of novel neurogenic niches) remains to be fully eluci-

dated. Nevertheless, our results highlight the need for rigorous report-

ing of methodological details in human studies to facilitate

reproducibility between laboratories.
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AHN is one of the most extraordinary reserves of plasticity in the

adult mammalian brain. We are confident that our systematic studies

addressing fundamental biological questions will positively contribute

to the overall advance of the AHN field and will enhance our under-

standing of the mechanisms governing the generation of new neurons

during both physiological and pathological aging throughout

human life.
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