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Abstract 

Evidence on adult mammalian neurogenesis and scarce studies with human brains led to 
the idea that adult human neurogenesis occurs in the subgranular zone (SGZ) of the 
dentate gyrus and in the subventricular zone (SVZ). However, findings published from 
2018 rekindled controversies on adult human SGZ neurogenesis. We systematically 
reviewed studies published during the first decade of characterization of adult human 
neurogenesis (1994–2004) – when the two-neurogenic-niche concept in humans was 
consolidated – and compared with further studies. The synthesis of both periods is that 
adult human neurogenesis occurs in an intensity ranging from practically zero to a level 
comparable to adult mammalian neurogenesis in general, which is the prevailing 
conclusion. Nonetheless, Bernier and colleagues showed in 2000 intriguing indications 
of adult human neurogenesis in a broad area including the limbic system. Likewise, we 
later showed evidence that limbic and hypothalamic structures surrounding the 
circumventricular organs form a continuous zone expressing neurogenesis markers 
encompassing the SGZ and SVZ. The conclusion is that publications from 2018 on 
adult human neurogenesis did not bring novel findings on location of neurogenic niches. 
Rather, we expect that the search of neurogenesis beyond the canonical adult 
mammalian neurogenic niches will confirm our indications that adult human 
neurogenesis is orchestrated in a broad brain area. We predict that this approach may, 
for example, clarify that human hippocampal neurogenesis occurs mostly in the CA1-
subiculum zone and that the previously identified human rostral migratory stream 
arising from the SVZ is indeed the column of the fornix expressing neurogenesis 
markers. 

 

Key words: neural stem cells, hypothalamus, circumventricular organs, limbic system, 
neuronal plasticity, hippocampus 

 

1. Introduction 

The discovery of adult mammalian neurogenesis was a paradigm shift in neuroscience 
(Altman 1962). The long-lasting idea of “no neuron formation after birth” was replaced 
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by an idea of “two post-natal neurogenic niches” (Ming and Song 2011). Currently, 
adult mammalian neurogenesis is thought to occur primarily only in the subgranular 
zone (SGZ) of the dentate gyrus and in the subventricular zone (SVZ). Accordingly, 
neural stem cells (NSCs) in the SGZ give rise to neurons that integrate into the dentate 
gyrus circuitry (Ming and Song 2011) and NSCs in the SVZ give rise to neuroblasts that 
migrate through the rostral migratory stream (RMS) and differentiate into neurons in the 
olfactory bulb (Ming and Song 2011). 

The discovery of adult mammalian neurogenesis triggered the search for adult human 
neurogenesis (Nogueira et al. 2014b). Concepts on adult human neurogenesis derive 
principally from rodent studies due to technical difficulties to investigate the human 
brain, which was the source of a relatively small number of studies (Nogueira et al. 
2014b). Adult human neurogenesis was thought to be basically a more discrete adult 
mammalian neurogenesis (Nogueira et al. 2014b). However, recent studies rekindled the 
debate on the existence of adult human SGZ neurogenesis and its possible behavior in 
Alzheimer’s disease (Boldrini et al. 2018; Sorrels et al. 2018; Moreno-Jiménez et al. 
2019; Tobin et al. 2019). 

To discuss the return of initial controversies on adult human neurogenesis, we 
established an operational classification regarding the eras of development of 
knowledge on adult human neurogenesis, which is the following: 

1) discovery and consolidation (1994 – 2004): from the discovery of adult human 
neurogenesis (Kirschenbaum et al 1994) to the consolidation of the “two-
neurogenic-niche” concept in humans (Ming and Song 2011); 

2) corroboration of the “two-neurogenic-niche” concept (Kumar et al 2019) and 
controversy on the existence of the RMS (2005 – 2017) (Nogueira et al 2014b): 
increasing number of manuscripts that corroborated the “two-neurogenic-niche” 
concept, although with controversies regarding the existence of the RMS; 

3) controversy on SGZ neurogenesis (2018 – present): novel studies with 
contradictory results on adult human neurogenesis in normal and Alzheimer’s 
disease brains (Boldrini et al. 2018; Sorrels et al. 2018; Moreno-Jiménez et al. 
2019; Tobin et al. 2019). 

Here we carry out a systematic review of the first-era studies on adult human 
neurogenesis to show that the recent publications did not bring novelty on location of 
human neurogenic niches.  

More important, we show that the work by Bernier et al. (2000) in the first era reporting 
indications of neurogenesis in the limbic system, hypothalamus, and striatum and our 
work in the second era (Nogueira et al. 2014b) reporting indications of neurogenesis in 
limbic and hypothalamic structures surrounding the circumventricular organs are 
alternatives to the prevailing view on adult human neurogenesis that cannot be ruled out 
by the third-era studies  because they did not explore areas beyond the canonical 
mammalian neurogenic niches (Boldrini et al. 2018; Sorrels et al. 2018; Moreno-
Jiménez et al. 2019; Tobin et al. 2019).  

Indeed, we have been emphasizing that the analysis of larger brain zones may unveil a 
bigger picture of adult human neurogenesis (Figures 1 and 2) (Nogueira et al. 2014b; 
Nogueira et al. 2017c; Nogueira et al. 2018). This bigger picture may confirm our 
findings showing that in humans a continuous layer expressing neurogenesis markers 
arising from the choroid plexus reaches the SGZ via a minor branch and the Cornu 
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Ammonis (CA)1-subiculum via a major branch (Nogueira et al. 2014b; Nogueira et al. 
2018)  and that the zone previously described as the location of the human RMS is 
actually the column of the fornix expressing neurogenesis markers or, alternatively, the 
zone encompassing the anterior hypothalamus or septal area (Nogueira et al. 2014b; 
Nogueira et al. 2017c; Nogueira et al. 2018). 

 

 
Figure 1. Structures and flux of the potential neurogenic system in the temporal lobe. 
Figure A is a scheme of the neurogenesis flux based on our findings regarding the temporal lobe 
(Nogueira et al. 2014b). Figure B is an anteromedial view of the macroscopic anatomy of the 
medial temporal lobe sectioned at the level of the body of the hippocampus depicted with lines 
comparing the canonical neurogenic niches with our results (Nogueira et al. 2014b). Figures C 
and D are respectively stained by hematoxylin-eosin (HE) and the astrocyte marker glial 
fibrillary acidic protein (GFAP) and show a large coronal view of the structures of the 
cytoarchitecture of the medial temporal lobe captured by a slide scanner. The choroid plexus 
(cp) is regarded a circumventricular organ. Choroid plexus ependymal cells express the neural 
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stem cell marker CD133. The choroid plexus is attached to the fimbria (f) by the taenia fimbria 
(arrowhead in B and arrows in C and D), which harbors nestin+ cells with long processes. From 
the fimbria, a continuous nestin+ cell layer (represented by blue dotted lines in B) follows 
through the SVZ of the temporal horn of the lateral ventricle and through the subpial layer of 
the medial temporal lobe. This layer forks as a minor branch toward the SGZ and as a major 
branch ending at the CA1 zone. Adjacent to this zone (dotted red lines in B) – at the subiculum 
– DCX+ cell bodies send DCX+ cell fibers that contour the subicular complex, follow across 
the SVZ covering the hippocampus and next across the fimbria up to the border of the brain 
slices analyzed by Nogueira et al. (2014b). Black lines identify the canonical neurogenic niches, 
namely, a, hippocampal SVZ; b, SVZ (collateral eminence); c, SGZ. 1 – 4 in C and D refers to 
CA1 – CA4. Arrowheads in C and its inset point to an intraparenchymal ependymal cell layer 
(Nogueira et al. 2014b). Rectangle D with two smaller rectangles refer to zone with images 
amplified in our original paper (Nogueira et al. 2014b). Legend: in B, 1, collateral eminence; 2, 
body of the hippocampus; 3 (and arrowhead), fimbria; 4, fimbriodentate sulcus; 5, dentate gyrus 
(margo denticulatus); 6, hippocampal sulcus; 7, parahippocampal gyrus (medial surface) 
(macroscopic anatomy); 8, subiculum; 9, entorhinal cortex (presubiculum and parasubiculum 
are located between 8 and 9); 10, parahippocampus (cytoarchitecture); 11, parahippocampal 
gyrus (coronal cut) (macroscopic anatomy); 12, uncus. In C and D, cn, tail of the caudate 
nucleus; Cp, cerebral peduncle; cs, collateral sulcus; ec, entorhinal cortex; gcl, granule cell layer 
of the dentate gyrus; lgn, lateral geniculate nucleus; lv, lateral ventricle; p, pons; pas, 
parasubiculum; phg, parahippocampal gyrus (cytoarchitecture definition); ps, presubiculum; rn, 
red nucleus; s, subiculum; sas, subarachnoid space; sn, substantia nigra; st, stria terminalis; th, 
thalamus; wm, white matter of the parahippocampal gyrus (gross anatomy definition). Scale 
bars: 5,000 µm. Figure adapted from Nogueira et al. (2014b) under CC BY 2.0 license. 

 

 
Figure 2. Structures and flux of the potential neurogenic system. Figure A is a scheme of 
our findings (Nogueira et al. 2014b) showing that broadly the expression of markers of degree 
of differentiation of neuronal cells parallels an anatomical and functional flux. We found 
indications of this flux related to 1st) homeostasis in the circumventricular organs such as the 
median eminence (me), the organum vasculosum laminae terminalis (ovlt), and the subfornical 
organ; 2nd) autonomic regulation at, for example, the anterior hypothalamus and paraventricular 
nucleus (pv); 3rd) emotion related to limbic structures such as the fornix, mammillary body 
(mb), and septal area (paraterminal gyrus (pt) plus paraolfactory gyrus (po)); and 4th) arousal 
influenced by the nucleus reticularis of the thalamus. Figure B is a macroscopic view of the core 
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of the potential neurogenic system, and the inset shows the sample dissected by cuts delimited 
by the rectangle in the large figure and studied in Figures C – E. Vertical lines in the inset 
delimitates the anterior (a), middle (mi), and posterior (p) hypothalamus parts. Rectangles 
labeled in C and D correspond to zones that we presented somewhere else (Nogueira et al. 
2014b) with larger magnification images. Note that the column of the fornix (c and yellow 
arrows in B, f in D, and Figure E) displays a dense expression of DCX that could have been 
misinterpreted as the location of the RMS principally if the surrounding structures are not 
analyzed on the same slice. Legend: A, anterior; ac, location of the anterior commissure; b, 
body of the corpus callosum; bd, body of the fornix; cf, choroidal fissure; cg, cingulate gyrus; 
db, diagonal band; dm, dorsomedial nucleus zone; fm, forame of Monro; g, genu of the corpus 
callosum; h, hypothalamus; HE, hematoxylin and eosin; hs, hypothalamic sulcus; I, inferior; ir, 
infundibular recess; l, lateral hypothalamic zone; lt, lamina terminalis; m, medial hypothalamic 
zone; mt, mammillothalamic tract; oc, optic chiasm; or, optic recess; P, posterior; pc, 
postcommissural fornix; po, pre-optic area; pv, paraventricular nucleus zone; r, rostrum of the 
corpus callosum; S, superior; s, splenium of the corpus callosum; sc, supra-chiasmatic nucleus 
zone; sg, straight gyrus; sp, septum pellucidus; sz, stratum zonale; t, thalamus; tc, tuber cinereo; 
tms, thalamic medial striae; vm, ventromedial nucleus zone. Asterisks identify artifacts. Scale 
bars: B and C: 5,000 µm; D: 200 µm. Figure adapted from Nogueira et al. (2014b) under CC BY 
2.0 license. 

 

2. Systematic review of early studies on adult human neurogenesis (1994 – 
2004)  

2.1. Searching method and number of original articles 

The initial source used to gather the references was Medline (Pubmed), comprising 
papers published up to 2004. Each one of the key-words “neural stem cells”, “neural 
progenitor cells”, and “neurogenesis” were intersected with “adult and mammals” or 
“human”; the words “progenitor cells” and “stem cells” were separately intersected with 
“Alzheimer”, “demyelinating”, “head injury”, “Huntington”, “neurological diseases”, 
“Parkinson”, “spinal injury”, and “stroke”. We found 21 original articles on adult 
human neurogenesis (Kirschenbaum et al. 1994; Pincus et al. 1997; Eriksson et al. 1998; 
Pincus et al. 1998; Johansson et al. 1999; Kukekov et al. 1999; Bernier et al. 2000; 
Pagano et al. 2000; Roy et al. 2000a; Roy et al. 2000b; Akiyama et al. 2001; Arsenijevic 
et al. 2001; Blümcke et al. 2001; Palmer et al. 2001; Curtis et al. 2003; Liu and Martin 
2003; Nunes et al. 2003; Westerlund et al. 2003; Bédard and Parent 2004; Jin et al. 
2004; Sanai et al. 2004). The first article was published in 1994 (Kirschenbaum et al 
1994). 

2.2. Sources of adult human NSCs 

Fifteen studies used brain tissue resected from neurosurgical patients (Table 1) 
(Kirschenbaum et al. 1994; Pincus et al. 1997; Pincus et al. 1998; Johansson et al. 1999; 
Kukekov et al. 1999; Pagano et al. 2000; Roy et al. 2000a; Roy et al. 2000b; Akiyama et 
al. 2001; Arsenijevic et al. 2001; Blümcke et al. 2001; Palmer et al. 2001; Nunes et al. 
2003; Westerlund et al. 2003; Sanai et al. 2004). In most cases, the resections came 
from epileptic patients (13 articles) (Table 1) (Kirschenbaum et al. 1994; Pincus et al. 
1997; Pincus et al. 1998; Johansson et al. 1999; Kukekov et al. 1999; Roy et al. 2000a; 
Roy et al. 2000b; Arsenijevic et al. 2001; Blümcke et al. 2001; Palmer et al. 2001; 
Nunes et al. 2003; Westerlund et al. 2003; Sanai et al. 2004), all of which with samples 
of temporal lobe epilepsy non-secondary to tumor or dysplasia. The number of patients 
with temporal lobe epilepsy was 105. Eleven groups (Eriksson et al. 1998; Kukekov et 
al. 1999; Bernier et al. 2000; Akiyama et al. 2001; Blümcke et al. 2001; Palmer et al. 
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2001; Curtis et al. 2003; Liu and Martin 2003; Bédard and Parent 2004; Jin et al. 2004; 
Sanai et al. 2004) used a total of 143 specimens from brains obtained in autopsy.  

 
Table 1. Methods: detection of adult human neural stem cells (source of tissues and locations) 
 

Reference 
 

Source of Tissues Location 

   
Kirschenbaum et al.  
(1994) 

 

11 epileptic patients Temporal lobe (Cx, WM, SVZ) 

Pincus et al.  
(1997) 

 

8 epileptic patients Temporal lobe (Cx, SVZ) 

Pincus et al.  
(1998) 

 

16 epileptic patients (in vivo 
studies – 5 specimens) 

Temporal lobe (in vitro: Cx, SVZ;  
In vivo: SVZ) 

Eriksson et al.  
(1998) 

 

5 cancer patients (non-
neurological)  

Temporal lobe (Hc) 

Kukekov et al.  
(1999) 

 

10 autopsies; 
10 epileptic patients (temporal 
lobe) 

SVZ (peristriatal / perihippocampal: 
autopsies); 
Temporal lobe (in vitro: Cx, SVZ, Hc) 
 

Johansson et al.  
(1999) 

 

2 epileptic patients Temporal lobe (SVZ, Hc) 

Bernier et al.  
(2000) 

 

19 autopsies SVZ 

Roy et al.  
(2000b) 

 

8 patients: epilepsy, 4; 
meningioma, 2; 
aneurysm, 1; traumatic edema, 1 

Temporal lobe (dentate gyrus) 

Roy et al.  
(2000a) 

 

4 patients: epilepsy, 3;  
head injury, 1 

Temporal lobe (SVZ) 

Pagano et al. 
(2000) 

 

Olfactory bulb 
(neurosurgical patients) 

Olfactory bulb 

Akiyama et al.  
(2001) 

5 tumor patients (glioma); 
1 autopsy 

Tumor patients: temporal lobe (Cx, 1; 
Hc, 1); frontal lobe (Cx, 1; SVZ, 2); 
Autopsy: frontal lobe (Cx, SVZ); Hc 
 

Arsenijevic et al.  
(2001) 

13 patients: epilepsy (temporal, 7; 
frontal, 1; frontal displasia, 2); 
head injury (2); brain edema (1) 
 

Temporal lobe (Cx, 8; Hc,1; Amy, 1; Hc + 
Amy, 2; SEZ, 3); frontal lobe (Cx, 3) 

Blümcke et al.  
(2001) 

22 epileptic patients (comprising 
the temporal lobe); 4 CNS tumor 

Temporal lobe (Hc) 
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patients (no lesion in the Hc); 6 
adult autopsies 
 

Palmer et al.  
(2001) 

1 autopsy (11-week old child; 
myofibromatosis); 1 epileptic 
patient 

Post-mortem tissue (in vitro study): Hc, 
SEZ, motor Cx, corpus callosum;  
epileptic: temporal lobe (Cx, WM, Hc) 
 

Curtis et al.  
(2003) 

 

13 autopsies (9 Huntigton’s 
disease patients; 4 controls) 

SEZ adjacent to caudate nucleus 

Liu and Martin 
(2003) 

 

10 autopsies Olfactory bulb 

Nunes et al.  
(2003) 

 

21 patients: epilepsy (14), 
aneurysm (1), displasia (2), post-
traumatic decompression (4) 
 

Temporal lobe (WM) 

Westerlund et al. 
(2003) 

 

4 epileptic patients 
 

Temporal lobe (SVZ) 

Bédard and Parent  
(2004) 

 

10 autopsies Olfactory bulb 

Jim et al. (2004) 

 
25 autopsies (14 Alzheimer’s 
disease patients; 9 controls) 
 

Hc 

Sanai et al. (2004) 65 neurosurgical patients; 45 
autopsies* 

SEZ (temporal and extra-temporal, 110); 
temporal (10) and parietal (8) Cx; 
septum (in vitro: 3; in vivo: 6); striatum 
(14); olfactory tract (11) 

   

* Excluding olfactory tract specimens. Amy, amygdala; BrdU, bromodeoxyuridine; CNS, central 
nervous system; Cx, cortex; Hc, hippocampus; SVZ, subventricular zone; WM, white matter. 

 

2.3. Methods used in the original articles on adult human neurogenesis 

The studies carried out in vivo and retrospective and prospective in vitro methods. In 
vivo methods corresponded principally to immunostaining for neurogenesis markers 
performed on brain slices (Tables 2 and 3). Retrospective in vitro methods were used in 
11 papers (Tables 4 and 5) (Kirschenbaum et al. 1994; Pincus et al. 1997; Pincus et al. 
1998; Johansson et al. 1999; Kukekov et al. 1999; Pagano et al. 2000; Akiyama et al. 
2001; Arsenijevic et al. 2001; Palmer et al. 2001; Westerlund et al. 2003; Sanai et al. 
2004) and consisted basically in neurosphere assay. Prospective in vitro study was 
applied in three articles (Table 6) (Roy et al. 2000a; Roy et al. 2000b; Nunes et al., 
2003). In these articles, cell sorting was carried out by transfection of plasmid DNA 
encoding the gene for human green fluorescent protein placed under the control of 
regulatory sequences of genes encoding the immature neuron marker Tα1-tubulin, the 
NSC marker nestin (Roy et al. 2000a; Roy et al. 2000b), and CNP2 (Nunes et al. 2003), 
which selects white matter progenitor cells, also selected by fluorescent or 
immunomagnetic methods of separation using A2B5 as marker. 
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Table 2. In vivo methods used to detect adult human neural stem cells 
 
Reference 
 

Markers 
 

 
Pincus et al.  
(1998) 

 

 
Committed (Hu protein) and uncommitted (musashi protein) progenitor cells 

Eriksson et al. 
(1998) 

 

Cell Mt/Pr (BrdU); 
Nr (NeuN, NSE, calbindin); At (GFAP) 

Kukekov et al. 
(1999) 

 

Cell Mt/Pr (Ki-67); extracellular matrix protein (tenascin-C); 
At (GFAP) 

Bernier et al. 
(2000) 

 

Cell Mt/Pr (PCNA); anti-apoptotic protein (Bcl-2); NSC (nestin); 
Nr (IIIt, PSA-NCAM); At (GFAP) 

Akiyama et al. 
(2001) 

 

NSC (nestin) 

Blümcke et al. 
(2001) 

 

NSC (nestin); GPC (vimentin); Nr (IIIt, MAP-2, MAP 1b/5, NeuN, NF-L, 
calbindin); At (GFAP, S100); M (CD 68  / HLA-DR); leukocytes (CD45) 

Curtis et al. 
(2003) 

 

Cell Mt/Pr (PCNA); Nr (IIIt, NeuN); At (vimentin, GFAP) 
(Western Blott: PCNA; TUNEL) 
 

Liu and Martin 
(2003) 

 

Early post-mitotic neuron (TUC-4); NSC (nestin); GPC (vimentin); 
Nr (IIIt, NeuN); At (GFAP) 

Bédard and 
Parent (2004) 

Cell Mt/Pr (Ki-67, PCNA), NSC (nestin); anti-apoptotic protein (Bcl-2); migrating 
neuroblasts (DCX); periglomerular interneurons (CR, GAD65/67, PV); granular 
interneurons (GAD65/67); dopamine cell marker (TH);  Nr (NeuroD, PSA-NCAM, 
IIIt) 
 

Jim et al. (2004) Migrating neuroblasts (DCX), committed progenitor cells (Hu protein), early 
post-mitotic neuron (TUC-4),  Nr (PSA-NCAM, , NeuN, NeuroD, calbindin), AD 
(A1-17, epitopes of human APP (5A3 and 1G7), phospho-), programmed cell 
death (cleaved caspase-8); 
(Western Blott: antibodies: DCX, PSA-NCAM, NeuN, TUC-4, NeuroD, calbindin, 
actin) 

 
Sanai et al.  
(2004) 

 
Cell Mt/Pr (BrdU, Ki-67); GPC (vimentin); Nr (PSA-NCAM, IIIt); At (GFAP); 
Oligodendrocytes (O4) 

  
AD, histopathological hallmarks of Alzheimer’s disease; APP, amyloid precursor protein; At, 
astrocyte; A,  amyloid peptide; BrdU, Bromodeoxyuridine; Cell Mt/Pr, cellular mitosis / 
proliferation; CR, calretinin; DCX, doublecortin; GAD, glutamic acid decarboxylase; GFAP, glial 
fibrillary acid protein; GPC, glial progenitor cell; Hc, hippocampus, MAP, microtubule-
associated protein; M, macrophage/microglia; NeuN, neuron-specific nuclear protein; NF-L, 
neurofilament; Nr, neuron; NSC, neural stem cell; NSE, neuron specific enolase; PCNA, 
proliferating cell nuclear antigen; PSA-NCAM, polysialylated form of neural cell adhesion 
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molecule; PV, parvalbumin; TH, tyrosine hidroxylase; TUC-4, turned on / Unc-33-like 
phosphoprotein-1 / CRMP-4 family; TUNEL, terminal deoxynucleotidyltransferase-mediated 
dATP nick and labeling; IIIt, III-tubulin. 
 
Table 3. In vivo methods (phenotypes X markers X locations) 
 
Phenotypes 
 

Markers Locations 

   
Immature / progenitor cells Hu 

Musashi 
HC (a), SVZ (b) 
SVZ (b) 

Nestin Hc (a) (b), OB (a), FL (Cx, SVZ) 
(b), SVZ (a) 

Vimentin Hc (a) (b), OB (a), SVZ (a) (b) 
Tenascin-C* SVZ (a) 
Bcl-2 OB (a), SVZ (a) 

 
Cellular mitosis / proliferation BrdU Hc (a), SVZ (a) (b) 

Ki-67 OB (a), SVZ (a) (b) 
TUC-4 
PCNA 
 

OB (a) 
OB (a), Hc (a), SVZ (a) 

Neuronal lineage III-tubulin 
AD halmarks 
CR 
PV 
DCX 
GAD 

Hc (a) (b), SVZ (a) (b), OB (a) 
Hc (a) 
OB (a) 
OB (a) 
OB (a) 
OB (a) 

MAP-2 Hc (a) (b) 
MAP 1b/5 Hc (a) (b) 
NeuN 
NeuroD 

Hc (a) (b), OB (a), SVZ (a) 
Hc (a), OB (a) 

NF-L Hc (a) (b) 
Calbindin Hc (a) (b) 
PSA-NCAM Hc (a), OB (a), SVZ (a) (b) 
NSE 
TH 
 

Hc (a) 
OB (a) 
 

Astrocytes GFAP Hc (a) (b), SVZ (a) (b), OB (a) 
S100 Hc (a) (b) 

 
Others CD68 (M/microglia) Hc (a) (b) 

HLA-DR (M/microglia) Hc (a) (b) 
CD-45 (leukocytes) 
Cleaved caspase-8 
(programmed cell death) 
O4 (oligodendrocytes) 

Hc (a) (b) 
Hc (a) 
 
SVZ (a) (b) 

*development-related extracellular matrix protein. a, autopsy; AD, Alzheimer’s disease (A1-17, 
5A3, 1G7, phospho-); b, biopsy; Bcl-2, product of  the antiapoptotic gene Bcl-2; BrdU, 
bromodeoxyuridine; CR, calretinin; Cx, cortex; DCX, doublecortin; FL, frontal lobe; GAD, 
glutamic acid decarboxylase; GFAP, glial fibrillary acid protein; Hc, hippocampus; MAP, 
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microtubule-associated protein; M, macrophage; NeuN, neuron-specific nuclear protein; NF-
L, neurofilament; NSE, neuron specific enolase; OB, olfactory bulb; PCNA, proliferating cell 
nuclear antigen; PSA-NCAM, polysialylated form of neural cell adhesion molecule; PV, 
parvalbumin; SVZ, subventricular zone; TH, tyrosine hydroxylase ; TUC-4, turned on / Unc-33-
like phosphoprotein-1/ CRMP-4 family. 
 

Table 4. Retrospective in vitro methods used to detect adult human neural stem cells 
Reference Culture Media Immunostaining Others 
    
Kirschenbaum et al. 
(1994) 

DMEM/F12; EGF Nr (MAP-2, MAP-5, NF, 
N-CAM); At (GFAP); O 
(O4, O1), pro-O (A2B5, 
GD3, O4); MGl (CD68) 
 

Calcium imaging 
Autoradiography 

Pincus et al. 
(1997) 

 

DMEM/F12/N2;  
FGF-2, BDNF 

Nr (MAP-2) Calcium imaging 
Autoradiography 

Pincus et al. 
(1998) 

 

DMEM/F12/N2;  
FGF-2, BDNF (+Ctrl) 

Nr (MAP-2) Calcium imaging 
Autoradiography 

Kukekov et al. 
(1999) 

DMEM/F12;  
No growth factors 

NSC / At (nestin); INr/At 
(vimentin); Mt (BrdU); 
Pax-6*; Bcl-2; tenascin-
C;  At (GFAP); Nr (IIIt, 
L1) 
 

Electron microscopy; 
PCR (nestin, NF-M, NSE, 
GFAP, tenascin, Pax-6, 
plp, dm-20) 

Johansson et al.  
(1999) 

DMEM / F12; EGF,  
FGF-2; NS d/r 
 

At (GFAP), Nr (IIIt),  
O (O4) 
 

 

Pagano et al.  
(2000) 

DMEM / F12; EGF, 
FGF-2, LIF-1;  
NS d/r 
 

At (GFAP), Nr (IIIt),  
O (galactocerebroside)  

 

Akiyama et al. 
(2001) 

NPMM; EGF, FGF-2, 
NS d/r (+2 passages) 

GPC (vimentin), IG 
(A2B5), NSC (nestin), At 
(GFAP, S-100), Nr (IIIt, 
MAP-2, NF, NSE), O (O4, 
galactocerebroside), 
Sch(P0) 
 

Chimeras: AHNSC 
transplant in rodent 
demyelinated spine 
(neurophysiological and 
immunostaining) 

Arsenijevic et al. 
(2001) 

DMEM / F12; EGF,  
FGF-2, BDNF, PDGF;  
NS d/r 

NSC (nestin), Mt (BrdU), 
At (GFAP), Nr (IIIt, 
MAP-2, N-CAM, Neu-N), 
O (O4); clonal 
origin (lac-Z) 
 

PCR:  
(detection of lentiviral 
inserction ) 

Palmer et al.  
(2001) 

DMEM / F12;  
EGF, FGF-2, PDGF; 
 25% modified stem cells 
conditioned medium  
 

At (GFAP), IG (A2B5), 
Nr (IIIt, NF150, MAP-2),  
O (O4) 
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Westerlund et al.  
(2003) 

 

DMEN/F12; 
EGF, FGF-2 

NSC (nestin); Nr (IIIt, 
NeuN); At (GFAP); O 
(O4)  
 

Neurophysiology: patch-
clamp 

Sanai et al.  
(2004) 

DMEN/F12; EGF; FGF-2; 
50,000 cells/ml in 
culture media 

Mt (BrdU); Nr (IIIt); At 
(GFAP); O (O4)  

Electron microscopy; 
Microdissected SVZ in 
medium with BrdU; 
Prospective component 
of the paper: cells 
incubated with GFAPp-
GFP adenovirus, to 
separete SVZ At 

*developmentally regulated transcription factor; Bcl-2, product of the antiapoptotic gene Bcl-
2; BDNF, brain derived neurotrophic factor; BrdU, Bromodeoxyuridine; Ctrl, control group; 
DMEM, Dulbecco’s modified Eagle’s medium; EGF, epithelial growth factor; FGF-2, basic 
fibroblast growth factor ; GFAP, glial fibrillary acid protein; GFAPp, GFAP promoter; GFP, green 
fluorescent protein; GPC, glial progenitor cells; IG, immature glia; INr/At, immature neurons 
and astrocytes; lac-Z, -galactosidase; LIF-1, leukemia inhibitory factor; L1, adhesion molecule 
L1; MAP, microtubule-associated protein; MGl, microglia; Mt, mitosis; N-CAM, neural cell 
adhesion molecule; Neu-N, neuron-specific nuclear protein NF, neurofilament; NPMM, neural 
progenitor cell maintenance medium; Nr, neuron; NS d/r, neurosphere division and replating; 
NSC, neural stem cells; NSE, neuron specific enolase; O, oligodendrocyte; PDGF, platelet 
derived growth factor; PCR, polymerase chain reaction; Sch, Schwann cell; SVZ, subventricular 
zone; IIIt, III-tubulin. 
 
Table 5. Retrospective in vitro methods (phenotype X markers) 
 
Phenotypes 
 

Markers 
 

 
Immature / progenitor cells 

 
Nestin 
Vimentin 
A2B5 
Pax-6* 
Bcl-2 
Tenascin-C 
 

Cellular mitosis / proliferation BrdU 
 

Clonal origin LacZ 
 

Neuronal lineage III-tubulin 
MAP-2 
MAP-5 
NF 
N-CAM 
NSE 
Adhesion molecule L1 
NeuN 
 

Astrocytes GFAP 
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S100 protein 
 

Oligodendroglial lineage O4 
O1 
Galactocerebroside 
GD3 
 

Schwann cells P0 
 

Microglia CD68 
 

*developmentally regulated transcription factor; Bcl-2, product of the antiapoptotic gene Bcl-
2; BrdU, bromodeoxyuridine; GFAP, glial fibrillary acid protein; lac-Z, -galactosidase; MAP, 
microtubule-associated protein; N-CAM, neural cell adhesion molecule; Neu-N, neuron-specific 
nuclear protein; NF, neurofilament; NSE, neuron specific enolase 
 

Table 6. Prospective methods used to detect adult human neural stem cells 
 
Reference 
 

 
Prospective Method 

 
Culture Media 

 
Immunostaining / 
Others 

    

Roy et al. 
(2000b) 

FACS:  
P/T1:hGFP or 
E/nestin:EGFP  
 
 

DMEM/F12/N2 
FGF-2, BDNF 

III-tubulin, MAP-2, 
GFAP, O4, BrdU; 
Calcium imaging; 
Patch clamp 

Roy et al. 
(2000a) 

FACS: 
P/T1:hGFP or 
E/nestin:EGFP  
 

DMEM/F12/N2 
FGF-2 

BrdU, nestin, 
MAP-2, III-tubulin 

Nunes et al.  
(2003) 

FACS: 
pCNP2:hGFP; 
A2B5. 
IMS (A2B5+ cells); 
(obs: clonal origin: 
A2B5+ cells tagged with 
a lentivirus expressing 
GFP under CMV 
promoter) 

DMEN/F12/N1 
FGF-2, NT3, PDGF; 
Plating at 50,000 cells / 
0.5 ml; primary NS 
dissociated and 
replated; 
Culture in wells with 
1,000-100,000 cells/ml; 
Culture of A2B5- cells 

A2B5, O4, GFAP, III-
tubulin, MAP-2, Hu 
protein, BrdU; 
GAD67; HNA, nestin, 
doublecortin; 
Calcium imaging; 
Patch clamp; 
TRAP; 
Chimera (human WMPC 
in fetal rat brain) 

    
BDNF, brain derived neurotrophic factor; BrdU, bromodeoxyuridine; DMEM, Dulbecco’s 
modified Eagle’s medium; (E)GFP, enhanced GFP; E/nestin, nestin enhancer; FACS, fluorescent-
activated cell sorting; FGF-2, basic fibroblast growth factor; GAD67, glutamic acid 
decarboxylase-67; GFAP, glial fibrillary acid protein; hGFP, humanized green fluorescent 
protein; HNA, human nuclear antigen; IMS, immunomagnetic sorting; MAP, microtubule-
associated protein; NS, neurospheres; pCNP2, promoter for CNP (early oligodendrocytic 
transcript); PDGF, platelet-derived growth factor; P/T1, T1 tubulin promoter; TRAP, 
telomerase reverse transcriptase activity protocol; WMPC, white matter progenitor cells. 
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2.4. Locations investigated regarding possible adult human neurogenesis 

Tables 1 and 3 and Figure 3 detail the locations and number of specimens investigated 
with in vivo or in vitro methods. Overall, the most explored zones were the temporal 
and extra-temporal SVZ and the hippocampus. Less explored zones included the 
temporal, parietal, and frontal cortices, white matter, amygdala, septum, striatum, and 
corpus callosum. 

 
Figure 3. Number of specimens and locations analyzed to detect adult human neurogenesis 
in manuscripts published up to 2004. Most of the studies focused on the search of evidence 
for human neurogenesis in known mammalian neurogenic niches, represented in the first four 
bars. The last four bars reflect principally the fact that the availability of surgical samples for 
cell culture guided the chosen for other locations to be studied. One specimen of the corpus 
callosum analyzed by in vitro method is not represented in this graph. Blue and orange bars 
represent the number of specimens analyzed by in vivo and in vitro methods, respectively. 
Legend: Cx, cortex; ET, extra-temporal; HF, hippocampal formation; NCx, neocortex; OB, 
olfactory bulb; SVZ, subventricular zone; St, striatum; T, temporal; WM, white matter.  

 

2.5.  Results of the original articles on adult human neurogenesis 

2.5.1. In vitro methods showed putative NSCs principally in the SVZ and 
hippocampus 

All studies with samples from the hippocampus (seven manuscripts) (Johansson et al. 
1999; Kukekov et al. 1999; Roy et al. 2000a; Roy et al. 2000b; Akiyama et al. 2001; 
Arsenijevic et al. 2001; Palmer et al. 2001) and from the SVZ (ten manuscripts 
(Kirschenbaum et al. 1994; Pincus et al. 1997; Johansson et al. 1999; Kukekov et al. 
1999; Roy et al. 2000a; Akiyama et al. 2001; Arsenijevic et al. 2001; Palmer et al. 2001; 
Westerlund et al. 2003; Sanai et al. 2004), mostly analyzing the temporal SVZ (Pincus 
et al. 1997; Johansson et al. 1999; Kukekov et al. 1999; Roy et al. 2000a; Akiyama et al. 
2001; Arsenijevic et al. 2001; Westerlund et al. 2003)) were able to characterize NSCs 
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in vitro. Samples from the white matter (Palmer et al. 2001; Nunes et al. 2003) and the 
temporal (Eriksson et al. 1998; Pincus et al. 1998; Arsenijevic et al. 2001; Palmer et al. 
2001) and frontal (Arsenijevic et al. 2001; Palmer et al. 2001) cortices contained NSCs, 
although some laboratories did not replicate these findings regarding the white matter 
(Kirschenbaum et al. 1994) and temporal (Kirschenbaum et al. 1994; Kukekov et al. 
1999; Akiyama et al. 2001), frontal (Sanai et al. 2004), and parietal (Sanai et al. 2004) 
cortices. Neurogenesis capacity was detected in the amygdala (Arsenijevic et al. 2001), 
olfactory bulb (Pagano et al. 2000), and corpus callosum (Palmer et al. 2001), in one 
study for each of these locations. Further information regarding the percentage of cells 
in the culture medium that corresponded to adult human NSCs, the proliferation 
capacity of these cells, the phenotypes found in adult human NSC culture, the influence 
of growth factors added to the culture media, and the contribution of other methods to 
detect and characterize adult human NSCs are detailed in Tables 7 – 9. The results 
achieved with in vitro methods suggest that the adult human brain harbors NSCs in the 
two canonical neurogenic niches and possibly in other cortical and subcortical locations 
(Table 10). 

 
Table 7. Results (in vivo + retrospective in vitro methods) 
Reference Comments 
 
Pincus  
et al. 
(1998) 

 

 
1*) 16 sp: cell division,8 sp; neurogenesis,4 sp (another sample (8sp): progenitor 
cells+, 2sp); 
2)   In vitro: Cx+, SVZ+; in vivo: temporal SVZ+ (<15% Hu+ and musashi+); 
3)   -  
4)    - 
5)   MAP-2+: 10/55 3H-thymidine+; 
6)   FGF-2 and BDNF (control group:  neurogenesis); 
7) - 
 

Kukekov 
et al. 
(1999) 

1) -  
2) In vitro: Cx-, SVZ+, Hc+; in vivo: SVZ and Hc+ (tenascin-C), SVZ+ (peri-St/-Hc) (Ki-

67); 
3) -  
4) NS: 7-10 DIV; 
5) Nestin+, vimentin+, tenascin-C+, Bcl-2+; IIIt+/BrdU+ or -, L1+; GFAP+; 
6) - 
7) PCR: Pax-6, nestin, NF, NSE, GFAP; dm-20, plp-2 (related to O); 
       EM: many morphologies in the NS. 
 

Akiyama 
et al.  
(2001) 

1) - 
2) In vitro: Hc+, frontal SVZ+, frontal Cx-, temporal Cx-; in vivo: Hc+, frontal SVZ+, 

frontal  
Cx (few) +; 

3) - 
4) NS: 7-10 DIV; division and replating 2X (neurogenesis +); NS detection: up to 8 

months; 
5) Nr+, At+, immature cells+; O+ and Sch+ (few cells); 
6) (Environmental influence: demyelinating model  differentiation in P0+ cells); 
7) Chimeras: cell grafting (lacZ+), P0+, with functional recovery. 
 

Sanai  1) - 
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et al. 
(2004) 

2) In vitro: SVZ+ (lateral ventricles); Cx (parietal, temporal)-, St-, septum-; in vivo: 
SVZ+ (lateral ventricles – astrocyte ribbon: 0.770.29% GFAP+/Ki-67+); SVZ (III and 
IV ventricles)-, septum-; no evidence for RMS (PSA-NCAM- and IIIt- cells); 

3) Some GFAP+ and BrdU+ (in microdissected SVZ); 62.577.46 NS/ml (with 50,000 
cells/ml); 109.298.76 NS/ml (with 50,000 SVZ At/ml); 2.9-4.1% SVZ green At** 
genereted clonal NS, Cx and near-SVZ At did not; 

4) 33.113.81 secondary NS / 100 primary NS; SVZ At grew at higer rate than cortical 
At; 

5) Primary NS: IIIt+ (6.53.4%); GFAP+ (87.83.1%); O4+ (5.81.5%); EGF and FGF-2; 
(SVZ At onto human cortical At monolayer in serum free medium generated IIIt+ 
cells (cortical At did not)); 

6) EM: At in SVZ. 
*Questions (Tables 7 and 8): 1) what was the percentage of specimens that generated adult 
human NSCs?; 2) what was the location of adult human NSCs in the brain?; 3) what percentage 
of the cultured cells corresponded to adult human NSCs?; 4) how was the proliferation ability 
of adult human NSCs?; 5) what were the phenotypes found in adult human NSC cultures? 6) 
what was the influence of growth factors? 7) what was the contribution of other methods for 
understanding of the adult human NSCs potential?; ** astrocytes expressing GFP after 
incubation for 3 days with adenovirus carrying the gene for green fluorescent protein 
controlled by the GFAP promoter; At, astrocyte; Bcl-2, anti-apoptotic protein Bcl-2; BDNF, 
brain derived neurotrophic factor; BrdU, bromodeoxyuridine; Cx, cortex; DIV, days in vitro; EM, 
electron microscopy; FGF-2, basic fibroblast growth factor; GFAP, glial fibrillary acid protein; 
GFAPp, green fluorescent protein controlled by GFAP promoter; Hc, hippocampus; lac-Z, -
galactosidase;  L1, adhesion molecule L1; MAP, microtubule-associated protein; NF, 
neurofilament; Nr, neuron; NS, neurosphere (formation); NSE, neuron specific enolase; O, 
oligodendrocyte; PCR, polymerase chain reaction; PSA-NCAM, polysialylated form of neural 
cell adhesion molecule; RMS, rostral migratory stream; Sch, Schwann cells; SVZ, subventricular 
zone; sp, specimens; St, striatum; IIIt, III-tubulin. 
 
Table 8. Results (retrospective in vitro methods) 
Reference Comments 
 
Kirschenbaum 
et al.  
(1994) 

 
1*) 11 sp: 6 sets of cultures; neurogenesis: 3 sp; 
2) Temporal SVZ+, Cx-, WM-, (gliogenesis: SVZ+, Cx+, WM+); 
3) 2x105 cells: 79 GFAP+/3H-thymidine+; 6 MAP-2/3H-thymidine+; 
4) 14 DIV; 
5) 393 GFAP+: 20% 3H-thymidine+; 56 neural markers+: 11% 3H-thymidine+; O4+: 

SVZ, WM; 
6) EGF; 
7) Calcium imaging:  Ca2+ (Nr),  Ca2+ (At). 
 

Pincus 
et al. 
(1997) 

1) Neurogenesis: 1/8 sp (total author’s cases (27 sp): 2 cortical neurogenesis); 
2) Temporal Cx+; 
3) - 
4) 9 weeks (period of observation); 
5) MAP-2: 20% 3H-thymidine+; 
6) FGF-2, BDNF; 
7) Calcium imaging: MAP-2+:  Ca2+ . 
 

Johansson 
et al.  

1) - 
2) Hc+, temporal SVZ+; 
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(1999) 3) - 
4) NS: ~2 weeks; division and replating, 1x; (4 NS / 168 SVZ cells; 2 NS / 40 Hc 

cells); 
5) Nr+, At+, O+; 
6) EGF, FGF-2; 
7) - 
 

Pagano  
et al. 
(2000) 

1) - 
2) Olfactory bulb+; 
3) 1%; 
4) Cell division: 3 DIV; cell proliferation: up to 20 passages; 
5) (7 DIV / 3 passages): Nr+: 16.211.49%, At+: 65.82.6%, O4+: 2.10.96%; 
6) EGF, FGF-2, (LIF-1:  % Nr); 
7) - 
 

Arsenijevic       
et al.  
(2001) 

1) - 
2) Hc+, Amy+, temporal SVZ and Cx+, frontal Cx+; 
3) 106 cells: 8-1449 NS; 
4) NS: division and replating: new NS up to 3-4 passages; cell proliferation: 2 

weeks; NS: 1 month; 
5)  IIIt+,  MAP-2+,  N-CAM,  Neu-N; 11% neural marker+ and GFAP or 

O4+; O4+; 143 Nr / NS (+BDNF); 
6) EGF, FGF-2, BDNF, PDGF; (EGF + FGF-2:  cells; no growth factors:  cells); 
7) Clonal origin: lac-Z and IIIt or GFAP expression; PCR. 
 

Palmer 
et al. 
(2001) 

1) - 
2) Post-mortem: Hc+, SVZ+, motor Cx+, CC+; epilepsy: Cx+, WM+, Hc+; 
3) > number of NS: Hc and SVZ; 
4) Population doubling before senescence: post-mortem: 70; epilepsy: 30; 
5) Nr+, At+, O+; 
6) EGF, FGF-2, PDGF + 25% conditioned medium from rat stem cells, modified to 

overproduce a form of  FGF-2 and the glycosylated form of cystatin C; 
7) - 
 

Westlund  
et al.  
(2003) 

1) - 
2) Temporal SVZ+; 
3) - 
4) NS formation: 2-3 weeks; after 3-7 weeks: NS with a few hundred cells; NS 

division and replating (2 passages); cells kept in culture for up to 11 months; 
5) 7 days after a second passage: 63% GFAP+, 14% O4+, 23% IIIt; NeuN+ cells 

only after the 7th day; 
6) EGF, FGF-2; 
7) Patch-clamp: recordings at different developmental stages: Nr-like cells 

behavior is in keeping with observations made in developing brain. 
 

* Questions presented in Table 7; Amy, amygdala; At, astrocyte; BDNF, brain derived 
neurotrophic factor; CC, corpus callosum; Cx, cortex; DIV, days in vitro; EGF, epithelial growth 
factor; FGF-2, basic fibroblast growth factor; GFAP, glial fibrillary acid protein; Hc, 
hippocampus; LIF-1, leukemia inhibitory factor; MAP, microtubule-associated protein; N-CAM, 
neural cell adhesion molecule; Neu-N, neuron-specific nuclear protein; Nr, neuron; NS, 
neurospheres (formation); O, oligodendrocyte; PCR, polymerase chain reaction; PDGF, platelet 
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derived growth factor; SVZ, subventricular zone; sp, specimens; WM, white matter; IIIt, III-
tubulin. 
 
Table 9. Results (prospective (+retrospective in vitro) methods) 
Reference 
 
 
 

Neurogenesis 
(location) 
+ or – 
 

% adult 
human NSCs* 

Phenotypes** / Proliferation capacity Growth 
Factors 

 
Roy et al. 
(2000b) 

 

    
Dentate 
gyrus+ 

0.53  0.20% 
E/nestin:EGFP
+, 
(62.5  2.9% 
IIIt+, 
some GFAP+); 
1.11%  0.35% 
P/T1:hGFP+, 
(73.2  6.6% 
IIIt+) 
 
 

(Retrospective) 
7 DIV: 14.5  6.8 IIIt+; 2.3  1.3% MAP-2+; 
30 DIV: 14.9  7.8% IIIt+; 6.13  1.4 MAP-
2+; 
7 DIV: IIIt+: 25.4  5.9% BrdU+;  
MAP-2+ / BrdU+ cells (few). 
CI: 
At: Ca2+   
IIIt+/BrdU+:  Ca2+ 

FGF-2, 
BDNF 

Roy et al. 
(2000a) 

 

Temporal 
SVZ+ 

0.11  0.2% 
E/nestin:EGFP
+, 
(3 patients); 
2719 SVZ cells: 
0.92  0.2% 
P/T1:hGFP+, 
(76  7.6% 
IIIt+) 
 

7 DIV: 562 IIIt+ cells: 104 BrdU+. 
E/nestin:EGFP+  / BrdU+ / IIIt+ and/or 
MAP-2+ cells 

FGF-2 

Nunes et 
al. (2003) 

Temporal 
WM+ 

0.490.15% 
WM cells were 
pCNP:hGFP+ ; 
predicted 
incidente of 
pCNP:hGFP+ 
cells is 3.7%; 
848.3% out 
of 
pCNP:hGFP+  
were A2B5+; 
 A2B5- cells 
did not 
generated NS; 
3.10.7% WM 
cells were 
A2B5 (FACS); 
3.1% A2B5+ 
cells (IMS)  

NS after ~17 days; 3 weeks after sorting: 
84.8 9.0 spheres/well; 46.5 8.2 
cells/sphere; secondary NS: 2 weeks after 
plating primary NS cells (with O4+, GFAP+, 
and IIIt+ cells); NS achieved up to terciary 
NS, no quaternary NS; 
50,000-100,000 cells/ml  best density for 
expansion of WMPC;  
NS: estimated 16-24 – 30 doublings; 
BrdU+/another marker (O4, GFAP, IIIt, Hu 
protein, or MAP-2)+ cells; 
Proportion Nr (e.g. gabaergic):At:O  
primary ~ secondary NS; 
No telomerase activity; 
CI and patch-clamp: physiological 
responses expected for Nr and At; WMPC-
derived neurons generated fast sodium 
currents and action potentials; 
Clonal origin: each NS with GFP+ or – cells 
(after lentiviral GFP labeling); 

FGF-2, 
PDGF, 
NT-3; 
No 
reprog. 
steps 
were 
required 
for  
neuro 
genesis 
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Chimera: HNA+/nestin+ or DCX+ or IIIt+  
cells in olfactory subependyma, Hc, and 
neoSt (HNA+/IIIt+ cells in RMS); human 
WMPC-derived GFAP+ At and CNP+ O in 
the ventricles or in the subcortical WM 

*% of adult human NSCs / specimen (both in culture and/or in brain sections); ** determined 
by immunostaining (including in vitro generated cells), or other methods; At, astrocytes; BDNF, 
brain derived neurotrophic factor; BrdU, bromodeoxyuridine; CI, calcium imaging; CMV, 
citomegalovirus; DCX, doublecortin; DIV, days in vitro;  (E)GFP, enhanced GFP; E/nestin, nestin 
enhancer;  FGF-2, basic fibroblast growth factor; GFAP, glial fibrillary acid protein; Hc, 
hippocampus; hGFP, humanized green fluorescent protein; IMS, immunomagnetic sorting; 
MAP, microtubule-associated protein; NS, neurospheres (formation); pCNP2, promoter for 
CNP (early oligodendrocytic transcript); PDGF, platelet-derived growth factor; P/T1, T1 
tubulin promoter; RMS, rostral migratory stream; SVZ, subventricular zone; St, striatum; WM, 
white matter; WMPC, white matter progenitor cells; IIIt, III-tubulin. 
 

Table 10. Results (in vitro neurogenesis and brain structures) 
Structure 
 

+ - 

   
Hippocampus 7*  
Temporal subventricular zone 8  
Temporal white matter 2 1 
Temporal cortex 4 4 
Frontal subventricular zone 2  
Frontal cortex 
Parietal cortex 
Striatum 

2 
 
 

1 
1 
1 

Olfactory bulb 1  
Subventricular zone 
Subventricular zone – septum 

2 
 

 
1 

Corpus callosum 
 

1  

*number of papers. 
 

2.5.2. Location of possible adult human neurogenesis assessed by in vivo 
methods 

Presence of staining of neurogenesis markers in the SGZ 

Mitosis activity and the presence of NSCs were demonstrated in the hippocampus 
(Table 11).  A heterogeneous neurogenesis in different hippocampus zones was 
demonstrated in a study that examined the autopsy brains of patients submitted to 
bromodeoxyuridine (BrdU) injection for detection of newly formed cells as part of 
cancer management (Eriksson et al. 1998).  BrdU+ cells were present, in decreasing 
order, in the subgranular and granular layer, and in the hilus. Generally, there was a co-
localization of BrdU with neuronal markers and sometimes with glial markers (Eriksson 
et al. 1998). 
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Table 11. Results (In vivo methods) 
 
Reference 
 

Neurogenesis (location) + or - Phenotypes 

 
 
Eriksson et al.  
(1998) 

 

 
 
Number of BrdU+ cells: subgranular 
zone (DG) > granule cell layer (DG)> 
hilus; 
SVZ+ (adjacent to the caudate 
nucleus) 
 
 

 
 
BrdU+ cells: Neu-N+, 22%; NSE+, 22,7%;  
Calbindin+, 7,9%; GFAP+ 18,1% 

Bernier et al.  
(2000) 

 

SVZ+ (nestin+ cells, mainly at the level 
of the anterior comissure, ventral 
striatum, and septum) 
 
 

Nestin+ / GFAP+ (many); nestin+ / PCNA+ 
(); PSA-NCAM+ / IIIt+; Bcl-2+ 

Blümcke et al.  
(2001) 

 

Hc+ (epileptic patients (>2 years-old), 
few nestin+ cells in the molecular 
layer and hilus);  
Hc- (non-epileptic patients and post-
natal autopsies) 
 

(Significant immunoreactivity: only in 
epileptic children (< 2 years-old)) 

Curtis et al.  
(2003) 

 

SVZ+ adjacent to CN 
 

PCNA+ (Huntington’s disease > control); 
few TUNEL+ cells in the SVZ; IIIt+ or 
NeuN+ SVZ adjacent to CN; GFAP+ or  
vimentin+ SVZ and in the CN; PCNA+/IIIt+ 
(5% out of PCNA+ cells); PCNA+/GFAP+ 
(50% out of PCNA+ cells) 
 

Liu and Martin 
(2003) 

 

OB+ (cell density: younger > elderly 
individuals) 

GFAP+ (always TUC4 -);  
Neu-N+ (some TUC4+); IIIt+; 
Nestin+ / vimentin+ (posterior end of the 
OB) 
 

Bédard and 
Parent (2004) 

 

OB+  Ki-67+, PCNA+ (GlL, GrL); IIIt+/DCX+, and 
nestin+/PCNA+ (GrL); Ki-67+ and NeuroD+ 
(GlL); GAD+ (GlL, GrL); TH+ (GlL); IIIt+ and 
CR+, TH+, or PV+ (periGlL); distribution of 
PSA-NCAM+ and DCX+ cells ~ RMS; 
Western blot: expression of PCNA 

 
Jim et al.  
(2004) 

 

Hc + 
(AD > controls) 

Halmarks of AD (A, APP, phospho-)+; 
Controls and AD: TUC-4+, DCX+, cleavage 
product of caspase-8+ (SGZ);  
Only in AD: TUC-4+ (GCL), DCX+ (GCL and 
CA1);  
Co-marcation in AD: TUC-4+/Hu+ cells, 
DCX+/ PSA-NCAM+ cells; 
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Western blot:  DCX, PSA-NCAM, TUC-4 in 
AD patients; (calbindin and NeuN not 
incresead) 
 

AD, Alzheimer’s disease; APP, amyloid precursor protein; A,  amyloid peptide; Bcl-2, anti-
apoptotic protein Bcl-2; BrdU, bromodeoxyuridine; CN, caudate nucleus; CR, calretinin; DCX, 
doublecortin; DG, dentate gyrus; GAD, glutamic acid decarboxylase; GCL, granule cell layer; 
GFAP, glial fibrillary acid protein; GlL, glomerular layer; GrL, granular layer; Hc, hippocampus; 
Neu-N, neuron-specific nuclear protein; NSE, neuron specific enolase; OB, olfactory bulb; 
PCNA, proliferating cell nuclear antigen; PSA-NCAM, polysialylated form of neural cell adhesion 
molecule; PV, parvalbumin; RMS, rostral migratory stream; SVZ, subventricular zone; SGZ, 
subgranular zone; TH, tyrosine hydroxylase;  TUC-4, turned on / Unc-33-like phosphoprotein-1 
/ CRMP-4 family; TUNEL, terminal deoxynucleotidyltransferase-mediated dATP nick and 
labeling; IIIt, III-tubulin. 
 

Jin et al. (2004) (Table 11) studied the brain of normal individuals and Alzheimer’s 
disease patients. In both cases, cells with early neuronal markers were found in the 
subgranular layer. However, only the hippocampus of Alzheimer’s disease patients had 
stained cells in the granular cell layer and in the CA1, demonstrating more significant 
neurogenesis in these cases. Furthermore, Western Blot analysis revealed that the 
hippocampus of Alzheimer’s disease patients in comparison to controls displayed more 
significant expression of immature neuron markers (Jin et al. 2004). 

Minimal staining of neurogenesis markers in the SGZ 

Blümcke et al. (2001) carried out another study using nestin as NSC marker, suggesting 
the existence of NSCs at the hippocampus mostly in the molecular layer and in the hilus 
(Table 11). Nonetheless, only the hippocampus of epileptic children younger than two 
years of age presented a significant number of nestin+ cells. Non-epileptic adult 
hippocampi obtained in autopsies did not stained for nestin. 

SVZ and RMS 

Diffuse staining of neurogenesis markers in the SVZ of structures of the limbic system, 
hypothalamus, and basal ganglia 

The entire SVZ was immunoreactive to the neurogenesis-related markers applied by 
Bernier et al. (2001) (Table 11) including the hypothalamic portion of the third 
ventricle. The thickest immunoreactive area in the SVZ was near the anterior 
commissure and the ventral striatum. The septum also displayed significant 
immunostaining for neurogenesis markers. 

Staining of neurogenesis markers in restricted parts of the SVZ 

Sanai et al. (2004) found cell division markers in the SVZ of the lateral ventricles, in 
vivo (Table 11). These authors calculated that 0.77 0.29% of glial fibrillary acidic 
protein (GFAP)+ NSCs in the SVZ were in division (Ki-67+). On the other hand, the 
same authors did not detect cell division in the SVZ near the septum or surrounding the 
III and IV ventricles. 

Contradictory results on the existence of the RMS 

Bédard and Parent (2004) found distribution of cells expressing the immature neuronal 
markers polysialylated-neural cell adhesion molecule (PSA-NCAM) and doublecortin 
(DCX) from the olfactory peduncle to the olfactory bulb (Table 11). On the other hand, 
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Sanai et al. (2004) did not find cells marked with immature neuronal markers (PSA-
NCAM and βIII-tubulin), between the SVZ at the floor of the anterior horn of the lateral 
ventricle and the olfactory trigone (the origin of the olfactory peduncle) (Table 11), 
suggesting that the RMS does not exist in humans.  

3. Second-era studies: persistence of contradictory results on the existence of 
RMS 

Broadly, second-era studies corroborated that the SGZ is a neurogenic niche in humans 
(Nogueira et al. 2014b). Nonetheless, the most remarkable debate during this period 
involved manuscripts assessing the existence of the RMS in humans (Curtis et al. 2007; 
Sanai et al. 2011; Wang et al. 2011). The conclusions were either that the RMS exists 
only during a short period of the infancy in a trajectory different from the expected 

(Sanai et al. 2011) or that the RMS exists in adults in a trajectory different from rodents 
(Curtis et al. 2007; Wang et al. 2011). We discuss below a possible explanation for this 
contradiction with basis on our results (Nogueira et al. 2014b), which showed a pattern 
in which the expression of neurogenesis markers follows neural circuits instead of 
consisting of a separate zone embedded into the parenchyma.    

4. Third-era studies: contradictory results on SGZ as a neurogenic niche 

The lack of signs of neurogenesis at the SGZ showed by Sorrells et al. (2018) triggered 
a new debate on this issue (Table 12). Nonetheless, three other studies showed 
indications of neurogenesis at the SGZ that remained across aging (Boldrini et al. 2018) 
and declined in mild cognitive impairment (and not in Alzheimer’s disease) (Tobin et al. 
2019) or declined in Alzheimer’s disease (Moreno-Jimenéz et al. 2019). 

Table 12. Main features of histologically normal human brains in recent papers on human 
subgranular zone neurogenesis 

 Premortem agonal 
period 

Time elapsed 
between death and 
tissue fixation 

Larger 
cytoarchitecture 
zones shown in 
published images 

Sorrells et al. (2018) Non-specified < 48h, two samples 3 
– 5h 

Small microscopic 
fields involving 
molecular layers, 
granule cell layer, 
and SGZ 

Boldrini et al. (2018) Non-specified 4 – 26h One image with 
molecular layers, 
granule cell layer, 
SGZ, and hilus 

Moreno-Jiménez et 
al. (2019) 

Non-specified 2.5 – 10 h, three 
samples with 
postmortem delay of 
16, 23, and 38h 
(total 58 subjects 
analyzed in this 
study, 13 
neurologically 
healthy subjects) 

One image showing 
the hippocampal 
formation 
(subiculum not 
analyzed; CA-1 
analyzed for DCX 
expression but not 
nestin) 

Tobin et al. (2019) Non-specified 4.92 – 43.55 h (mean 
10.28 h) 

One image showing 
internal molecular 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 July 2021                   doi:10.20944/preprints202107.0440.v1

https://doi.org/10.20944/preprints202107.0440.v1


22 
 

layer, granule cell 
layer, SGZ and its 
boundary with CA4 

CA, Cornu Ammonis; DCX, doublecortin; SGZ, subgranular zone. 

5. Discussion 

5.1. Experimental and theoretical factors may have led to different results and 
interpretations of results on adult human neurogenesis 

5.1.1. Human brain cytoarchitecture: the necessity to encompass the zone 
from the choroid plexus to the subiculum in SGZ studies 

We put forth that the explanation for contradictory results regarding SGZ neurogenesis 
in the third-era studies is that the SGZ is not the primary neurogenic niche in the human 
hippocampal formation (Nogueira et al. 2014b; Nogueira et al. 2018). Although the 
negative results by Sorrells et al. (2018) are the opposite of the results of the vast 
majority of investigations on neurogenesis at the human SGZ, they are not 
unprecedented. The first-era article by Blümcke et al. (2001) contains high-quality 
images of nestin staining in children SGZ that was practically absent in normal adults. 

Our results are a midterm among the results of the third-era manuscripts because they 
revealed that human SGZ neurogenesis exists but is a less significant part of a larger 
zone expressing neurogenesis markers (Figure 1) (Nogueira et al. 2014b; Nogueira et al. 
2018). In the temporal lobe, this zone begins at the choroid plexus ependymal cell layer 
(which expresses the NSC marker CD133) (Nogueira et al. 2014b), encompasses 
nestin+ cells with long processes at the taenia fimbria, follows the subpial zone of the 
medial temporal lobe, bifurcates as a minor branch toward the SGZ and a major branch 
toward the CA1. At the CA1, the expression of nestin ends up and gives rise to cells 
expressing DCX adjacently, at the subiculum. Our findings suggest that the conundrum 
of the human SGZ neurogenesis will not be clarified with studies that disregard the 
analysis of the medial temporal lobe as a whole. 

The analysis of the temporal lobe we put forth implies the demonstration of the 
cytoarchitecture structures expressing neurogenesis markers and, as precise as possible, 
the site where samples obtained for in vitro experiments were harvested (Nogueira et al. 
2014b; Nogueira et al. 2017c; Nogueira et al. 2018). For example, on the one hand the 
harvesting of cells exclusive from the dentate gyrus (Roy et al. 2000b) is unlikely 
because of microneurosurgical issues (Wen et al. 1999). On the other hand, Jonas 
Frisén’s team (Spalding et al. 2013) published an article (together with comments by 
Gerd Kempermann (2013)) that for some reason described only vaguely where in a large 
structure such as the human temporal lobe they sought indications of neurogenesis. 

5.1.2. Influence of tissue fixation delay and agonal period has not been 
sufficiently addressed   

The second most important factor for contradictory results on human neurogenesis is 
probably the time elapsed between death and tissue fixation. For example, we showed 
that nestin+ cells are detected when the time elapsed between death and tissue fixation 
is less than 16 hours on average (Nogueira et al. 2014b). Sorrells et al. (2018) fixed 
brains after a time span larger than 16 hours and obtained no neurogenesis marker 
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staining at the SGZ (although they also have not found this staining in hippocampus 
samples fixed immediately after surgical resection in epilepsy cases). 

Agonal period is rarely specified in articles on adult human neurogenesis. None of the 
third-era studies mentioned this period (Boldrini et al. 2018; Sorrels et al. 2018; 
Moreno-Jiménez et al. 2019; Tobin et al. 2019). We specified the agonal period of 
individuals whose brains were studied as a whole (Nogueira et al. 2014b), which should 
be mandatory in studies with negative results: long agonal period may lead for example 
to the “respirator brain”, with degradation of neurogenesis-related proteins.  

5.1.3. Theoretical assumption that neurogenesis must be more significant in 
rodents than in humans could influence the interpretation of results  

The dogma of “no neuron formation after birth” has been eliminated but it seems that it 
was replaced by the dogma stating that adult human neurogenesis must be 
proportionally less significant than adult mammalian neurogenesis in general. A curious 
fact that may be underneath this unmentioned assumption is the publication in a paper 
regarded seminal of an image of a hippocampus that would be displayed correctly for 
rodents but is inverted in the craniocaudal direction because it indeed shows a human 
hippocampus (Eriksson et al. 1998). This disposition perhaps indicates an analysis of 
results influenced by the familiarity of the authors with rodent brain neurogenesis and 
anatomy. In other words, perhaps researchers in the field of adult mammalian 
neurogenesis assume a priori that experiments showing staining of neurogenesis 
markers in humans proportionally more significant than in rodents are likely a technical 
error. 

Contrarywise, Arsenijevic et al. (2001) and Bernier et al. (2000) found indications that 
adult human neurogenesis may be not restricted to two discrete and separate neurogenic 
niches. Likewise, we showed indications that hippocampal formation neurogenesis may 
have been shifted from the SGZ-granule cell layer zone in rodents to the CA1-
subiculum zone in humans (Nogueira et al. 2014b; Nogueira et al. 2018). This idea is 
coherent with the fact that the cortical structure where the three-layer cortex becomes 
the six-layer cortex, i.e. the subiculum, displays one of the major increases in primate 
brain structures in comparison to rodents (Nogueira et al. 2014b; Nogueira et al. 2018).  

5.2. Recent studies brought no novelty on location of adult human neurogenesis 
and disagree on neurogenesis in Alzheimer’s disease 

Three recent studies replicated findings of neurogenesis in the SGZ (Table 12) (Boldrini 
et al. 2018; Moreno-Jimenéz et al. 2019; Tobin et al. 2019). However, their findings 
disagree between each other and between a first-era study regarding Alzheimer’s 
disease (Jin et al. 2004). Neurogenesis in Alzheimer’s disease was increased in the first-
era study (Jin et al. 2004), normal in a third-era study but with diminishment in mild 
cognitive impairment (Tobin et al. 2019) and decreased in another study (Moreno-
Jimenéz et al (2019).  Moreover, aging led to a decrease in brain plasticity and 
angiogenesis although neurogenesis remained at the same level in one of these studies 
(Boldrini et al. 2018). Therefore, the behavior of the SGZ as a neurogenic niche in 
Alzheimer’s disease remains to be determined. 
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5.3. Current prevailing approach of adult human neurogenesis studies may 
rekindle possible misinterpretations on human RMS  

Our previous findings (Nogueira et al. 2014b) lead to the prediction that if the lack of 
investigation of expression of neurogenesis markers beyond the boundaries of canonical 
neurogenic niches is repeated in further studies on the SVZ and RMS, than the probable 
result will be the return of controversies on the RMS because of the same technical 
aspects that rekindled controversies on the human SGZ (Nogueira et al. 2014b; 
Nogueira et al. 2017c; Nogueira et al. 2018). 

Previous studies concluded that the human RMS does not exist (Sanai et al. 2004) or 
exists in a different trajectory in comparison to other mammals during a short post-natal 
period (Sanai et al. 2011) or during adulthood (Curtis et al. 2007; Wang et al. 2011). We 
detailed somewhere else (Nogueira et al. 2014b) that the analysis of a larger brain zone 
allowed the conclusion that the likely explanation for this controversy is that the zone 
thought to be the human RMS is indeed the column of the fornix expressing 
neurogenesis markers (Nogueira et al. 2014b). 

Alternatively, the most recent second-era paper assessing the human RMS performed 
analysis in a more anterior zone and published high-quality images with large brain 
sections (Wang et al. 2011). In this case, the zone analyzed may be related to the 
neurogenesis marker staining at the anterior hypothalamus or septal area (Nogueira et 
al. 2014b; Wang et al. 2011).  

5.4. Bigger picture analysis may enhance alternative conclusions of an 
orchestrated adult human neurogenesis 

This review showed that recent studies (Boldrini et al. 2018; Sorrels et al. 2018; 
Moreno-Jiménez et al. 2019; Tobin et al. 2019) reported no novelty on location of 
neurogenic niches at the human temporal lobe. Moreover, some of these recent studies 
did not take advantage of previous experimental issues involving premortem agonal 
state and time elapsed between death and tissue fixation (Nogueira et al. 2014b). Only 
one study published larger hippocampal formation image with identification of the 
dentate gyrus, hippocampus proper, and surrounding structures (Moreno-Jimenéz et al. 
2019). However, this study did not search for nestin staining at CA1 or DCX staining 
adjacently at the subiculum (Moreno-Jimenéz et al. 2019). 

Remarkably, the possibility of existence of neurogenesis in a broad brain area was 
identified by Bernier et al. (2000) in a first-era study that remains practically unnoticed. 
These authors showed anti-apoptotic and NSC markers distributed across the SVZ of 
the limbic system, hypothalamus, and ventral striatum (Bernier et al. 2000) Moreover, 
these results were reinforced by findings of the same team in non-human primates 
(Bernier and Parent 1998), which also displayed neurogenesis in a broad area in another 
study (Gould et al. 1999) that was received with criticism by the time of its publication 
(Rakic 2002). 

Our previous findings follow the line of evidence revealed principally by Bernier et al. 
(2000), together with in vitro indications of neurogenesis in non-canonical neurogenic 
niches such as the amygdala (Arsenijevic et al. 2001). We added novel structures 
displaying staining of neurogenesis markers in such a way that they seem to reveal a 
potential neurogenic system that encompasses the SGZ and SVZ (Figures 1 and 2) 
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(Nogueira et al. 2014b; Nogueira et al. 2017c; Nogueira et al. 2018). In short, the 
potential neurogenic system begins at the circumventricular organs, which are the 
structures without blood-brain barrier, and follows sequentially across the hypothalamus 
and limbic system, with gradual vanishing of staining of neurogenesis markers reaching 
structures of the reticular activating system (Nogueira et al. 2014b).  

A caveat on the existence of a neurogenic system is that there is no explanation for its 
mechanisms. Joseph Altman’s indications of adult mammalian neurogenesis was 
thought to be unlikely because neurons display no figure of mitosis (Altman 1962). The 
discovery that the adult mammalian brain harbors NSCs that form new neurons solved 
this issue. Perhaps neurogenesis could also involve neuron DNA replication and the 
formation of heterokaryons (Giordano-Santini et al. 2016) (curiously, Altman showed 
an image of binucleated cortical neurons of rats with at least one nucleus stained for 
newly synthesized DNA) (Altman 1963). Moreover, our identification of a massive 
DCX staining in trajectories of certain neural circuits disproportional to the expected 
neurogenesis rate may have identified neurons in a “stand-by” mode (Marichal et al. 
2009). Furthermore, NSCs transplanted into a model of spinal cord injury displayed 
axonal growth through a long distance (Lu et al. 2012). In short, mechanisms of a 
potential adult human neurogenic system can only be imagined for now and the 
methods to assess them remain to be developed.  

5.5. A hypothesis: neuronal cells formed before or after birth express 
respectively fetal or adult hemoglobin  

5.5.1. Lack of specific marker of newly formed neuron 

The lack of a specific marker that proves that a neuron is newly formed or formed in the 
post-natal period is another major limitation in adult human neurogenesis studies 
(Nogueira et al. 2014b). Markers currently used to identify newly formed neurons are 
expressed in neurons generated in the fetus that remained immature after birth (Piumatti 
et al. 2018; Sorrells et al. 2019; La Rosa et al. 2020a; La Rosa et al. 2020b; Seki 2020) 
or re-expressed in neurons as a response to conditions such as aging and inflammation 
(Hagihara et al. 2019). 

Nonetheless, as we have previously discussed (Nogueira et al. 2014b), one possible 
explanation for the detection of expression of neurogenesis-related markers in the adult 
human brain is that it is indeed identifying cells involved in post-natal neurogenesis, 
such as neural stem cells and newly formed neurons. Accordingly, this possible 
explanation and its caveats are normally mentioned and taken into consideration in the 
original studies analyzed in this review. Anyway, the findings of these original studies 
could serve as basis to figure out the puzzle on locations of adult human neurogenesis, 
principally when a method that proves the existence of adult human neurogenesis will 
be revealed.  

5.5.2. Location of expression of putative neurogenesis markers may contribute 
to the revelation of adult human neurogenesis 

The locations where cells express different markers of the process of neurogenesis do 
not prove but are indications compatible with the existence of adult human 
neurogenesis. For example, hypothalamic neurogenesis is controversial in mammals in 
general. However, our results showing the expression of nestin in the circumventricular 
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organs (which may be reached by systemic, cerebrospinal fluid, and neural factors) 
(Nogueira et al. 2014b), surrounded by DCX-expressing brain nuclei, indicate that 
hypothalamic neurogenesis is at least plausible in adult humans. 

Furthermore, our demonstration that the status of hypothalamus-related functions may 
predict the occurrence of neurologic signs (Kim et al. 2015; Nogueira and 
Loddenkemper 2017; Nogueira et al. 2017a; Nogueira et al. 2017b) is coherent with a 
possible existence of an endogenous mechanism of brain plasticity, perhaps involving 
neurogenesis. In this regard, we showed that the pattern of circadian oscillation of 
temperature correlates with the likelihood of occurrence in the following 24 hours of 
seizure in epileptic patients (Kim et al. 2015; Nogueira and Loddenkemper 2017) and of 
intracranial hypertension in cases of severe stroke (Nogueira et al. 2017a; Nogueira et 
al. 2017b). We speculate that normal hypothalamus-related functions clinically 
detectable reflect a normal hypothalamic plasticity and neurogenesis that serve as an 
endogenous protection against the installation of neurologic signs (Nogueira and 
Loddenkemper 2017; Nogueira et al. 2017a; Nogueira et al. 2017b). 

5.5.3. Hypothesis that a panel of expression of globins could determine time of 
birth and degree of maturity of neural cells 

We hypothesize that the lack of prove of adult human neurogenesis can be overcome 
using a panel of globins (Schelshorn et al. 2009; Haines et al. 2013; Emara et al. 2014). 
Our approach would begin with the analysis of the expression of the relatively recently 
described neuroglobin as a marker of immature neuron (Haines et al. 2013). Second, to 
detect whether an immature neuron was born before or after birth we propose to carry 
out immuno-histochemistry experiments to reveal hemoglobin staining in neurons 
(Schelshorn et al. 2009; Emara et al. 2014). We wonder whether the expression of fetal 
hemoglobin shifts to the expression of adult hemoglobin in neurons in the same way it 
occurs in red blood cells. The rationale for this idea is that the expression of adult 
hemoglobin in adult neurons has already been shown (Schelshorn et al. 2009). To the 
best of our knowledge, the expression of fetal hemoglobin in fetal neurons has not been 
studied, however, such expression would follow the same physiological pattern of red 
blood cells; furthermore, it has already been shown that glioblastoma samples, which 
contains glioblastoma stem cells, display expression of fetal hemoglobin (Emara et al. 
2014).  

The primary expected result would be the co-expression of neuroglobin and adult 
hemoglobin in immature neurons formed after birth. Importantly, this hypothesis could 
be validated using, for example, the BrdU paradigm in rodents. The results could be 
reproduced easily, especially in comparison to other methods used to detect the 
formation of neurons in the adult human brain that in some researchers’ view actually 
may be detecting DNA repair instead of DNA replication during the formation of a 
neuron (Sorrells et al. 2018).   

6. Conclusion 

We conclude that the prevailing view on adult human neurogenesis has been developed 
by minor increments as from the period when the “two-neurogenic-niche concept” in 
humans was consolidated. We propose that the standardization of minimal requirements 
for research on adult human neurogenesis could foster research in this field (Nogueira et 
al. 2014b; Nogueira et al. 2017c; Nogueira et al. 2018). We suggest that further studies 
should bear in mind the possibility that adult human neurogenesis is organized across 
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the brain circuitry, involves the brain as a whole (Nogueira et al. 2014b; Nogueira et al. 
2017c; Nogueira et al. 2018) and is a primary factor of brain plasticity (Nogueira et al., 
2014a; Nogueira et al. 2014b; Kim et al. 2015; Nogueira and Loddenkemper 2017; 
Nogueira et al. 2017a; Nogueira et al. 2017c). 
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