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Abstract

Neuropathological conditions might affect adult granulogenesis in the adult human dentate gyrus. However, radial glial

cells (RGCs) have not been well characterized during human development and aging. We have previously described

progenitor and neuronal layer establishment in the hippocampal pyramidal layer and dentate gyrus from embryonic life

until mid-gestation. Here, we describe RGC subtypes in the hippocampus from 13 gestational weeks (GW) to mid-gestation

and characterize their evolution and the dynamics of neurogenesis from mid-gestation to adulthood in normal and

Alzheimer’s disease (AD) subjects. In the pyramidal ventricular zone (VZ), RGC density declined with neurogenesis from

mid-gestation until the perinatal period. In the dentate area, morphologic and antigenic differences among RGCs were

observed from early ages of development to adulthood. Density and proliferative capacity of dentate RGCs as well as

neurogenesis were strongly reduced during childhood until 5 years, few DCX+ cells are seen in adults. The dentate gyrus of

both control and AD individuals showed Nestin+ and/or GFAPδ+ cells displaying different morphologies. In conclusion, pools
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of morphologically, antigenically, and topographically diverse neural progenitor cells are present in the human

hippocampus from early developmental stages until adulthood, including in AD patients, while their neurogenic potential

seems negligible in the adult.

Key words: adult neurogenesis, hippocampus, human fetal brain, neurogenesis, radial glial cells

Introduction

The seminal study by Eriksson et al. (1998) provided direct evi-

dence for adult neurogenesis in the human hippocampal den-

tate gyrus. Adult hippocampal neurogenesis in rodents can be

modulated by physical activity, dietary restriction, environ-

mental enrichment, and various kinds of injury including epi-

lepsy and stroke (Kempermann et al. 1997, 2002; van Praag,

Christie, et al. 1999; van Praag, Kempermann, et al. 1999; Scott

et al. 2000; Lee et al. 2002; Brown et al. 2003; Monje 2003;

Darsalia et al. 2005; Smith et al. 2006). Deficits in granular neu-

rogenesis are thought to be involved in the etiology of memory

impairment, and neuropsychiatric and neurodegenerative dis-

eases in rodents (Feng et al. 2001; Wen et al. 2004; Winocur

et al. 2006; Denis-Donini et al. 2008; Ibi et al. 2008; Ma et al.

2008; Li et al. 2010) and in humans (Reif et al. 2006; Boldrini

et al. 2009; Lucassen et al. 2010). It has been suggested that

adult hippocampal neurogenesis may thus represent a new

pharmacological target in such conditions. However, few stud-

ies to characterize neural progenitor cells (NPC) in the human

dentate gyrus have been performed so far.

A reduction in the number of Nestin-positive cells and β-III-

tubulin-expressing cells has been observed, post-mortem, in

the dentate subgranular zone (SGZ) of individuals with

Parkinson’s disease (n = 8) as compared with controls (n = 3)

(Höglinger et al. 2004). Jin et al. (2004) reported increases in the

amount of proneurogenic proteins in Alzheimer’s disease (AD)

tissues detected by Western blot and immunohistochemical

analyses. Boekhoorn et al. (2006) showed an increase in hippo-

campal proliferation in presenile AD patients, mainly observed

in CA1-3, but related to a gliotic and vascular response rather

than to neurogenesis; they also showed the presence of artifac-

tual granular doublecortin (DCX) immunoreactivity. Reif et al.

(2006) reported a reduction in the number of Ki67+ cells in the

dentate gyrus of individuals with schizophrenia but not with

depression, However, five subjects (healthy controls as well as

schizophrenic and depressive subjects) who displayed dramati-

cally increased levels of proliferation in the dentate gyrus were

excluded from the study and the phenotype of their prolifer-

ative cells was not studied. Boldrini et al. (2009) found a reduc-

tion in proliferation in non-treated depressed individuals

whereas antidepressant-treated patients had higher numbers

in the rostral DG. Lucassen et al. (2010) reported a reduced

number of MCM2+ cells in the granule cell layer (GCL) and SGZ

of depressed patients, without a stimulatory effect of antide-

pressants on dentate cell proliferation.

Therefore, little information about human adult neurogen-

esis and neural stem/progenitor cells exists to justify the

investment of resources in developing new treatments in

humans, and most of the available evidence is inconclusive or

contradictory. These discrepancies may be due to the insuffi-

cient number of cases and controls, the inclusion and exclusion

criteria, the choice of antibodies or the methods used for the

detection and quantification of proliferating cells. Moreover, in

general, the subtype and/or the fate of proliferating cells were

not studied. In some studies, the immunolabeling was

obviously non-specific, such as the expression of cytoplasmic

markers in the nucleus (or vice versa) or autofluorescence due

to lipofuscin interpreted as a positive immunolabeling signal

(Adle-Biassette et al. 2007).

To date, it is not clear to what extent adult neurogenesis

shares common features with developmental neurogenesis,

and whether dentate NPCs persist in individuals with AD.

Several putative markers of adult stem cells have been

described in humans and mice (Morshead et al. 1994; Mignone

et al. 2004; Encinas et al. 2011; Dranovsky et al. 2012). Nestin

expression has been reported in the hippocampus of adult

humans (Crespel et al. 2005). Nestin is an intermediate fila-

ment, expressed by quiescent and proliferating neural stem/

progenitors cells (Lendahl et al. 1990; Morshead et al. 1994;

Dahlstrand et al. 1995; Michalczyk and Ziman 2005). In humans,

the expression of GFAPδ has been reported in the subventricu-

lar zone (SVZ) of the lateral ventricle (Roelofs et al. 2005; van

den Berge et al. 2010), the dentate gyrus (Roelofs et al. 2005),

and the olfactory bulb (van den Berge et al. 2010). GFAPδ is an

isoform of glial fibrillary acidic protein (GFAP), a type III inter-

mediate filament protein (Fuchs 1998), which interacts with the

γ-secretase complex, a crucial mediator of Notch signaling

(Nielsen et al. 2002), and is likely important for NPC self-

renewal. Moreover, GFAPδ is also expressed in fetal NPCs of the

mouse hippocampus and human neocortex (Middeldorp et al.

2010; Mamber et al. 2012). PAX6 and vimentin, which are both

markers of RGCs/neural stem cells (Levitt et al. 1981; Götz et al.

1998; Kamei et al. 1998; Zecevic et al. 1999; Quinn et al. 2007),

are also involved in hippocampal neurogenesis (Hevner et al.

2006; Lavado et al. 2010; Cipriani et al. 2016, 2017). In

comparison, the neuronal progenitor marker Tbr2 is required

for neuronal lineage progression to granule cells in newborn

mice (Hodge et al. 2012, 2013; Berg et al. 2015), and the

microtubule-associated protein DCX is expressed by immature

neurons (Francis et al. 1999; Gleeson et al. 1999).

We have previously used several of these markers to charac-

terize proliferating NPCs in the pyramidal layer of the hippo-

campal formation (Ammon’s horn) and in various germinal

matrices of the dentate gyrus from 9 GW until mid-gestation in

human fetuses (Cipriani et al. 2016, 2017; Supplementary Fig. 7).

These studies showed that the mechanisms of neurogenesis in

the developing dentate gyrus are different from those observed

in the pyramidal layer of the hippocampal formation. The latter

mimic to some extent those observed in the neocortex (Leid

et al. 2004; Nieto et al. 2004; Britanova et al. 2005; Englund 2005;

Szemes et al. 2006; Bayatti et al. 2008; Bedogni et al. 2010; Han

et al. 2011), although major regional differences such as neuro-

nal subtypes and lamination exist (Cipriani et al. 2016, 2017). At

GW 13, the Ammon’s horn includes two germinal compart-

ments, the ventricular zone (VZ) containing PAX6+ cells and the

SVZ containing PAX6+ and TBR2+ cells (Cipriani et al. 2016) and

an intermediate zone (IZ) corresponding to the entire area

between the SVZ and the pyramidal plate, as in the neocortex

(Bystron et al. 2008). In the dentate area (Cipriani et al. 2017),

the secondary matrix (ds) composed of proliferative PAX6+ and
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TBR2+ progenitors surrounds the dentate anlage streaming

toward the subpial layer and to some extent, into the cluster of

the dentate anlage where post-mitotic granule neurons are

present. By GW 16, the hippocampal formation had gyrated,

the hippocampal fissure had started to close and the GCL could

be delineated and surrounded a hilar matrix containing PAX6+

cells and some TBR2+ progenitors. The main germinal areas

include the subpial stream of the secondary dentate matrix

extending toward the developing internal limb and into the

hilus.

The aim of the present study was to extend our previous

findings by investigating neural stem/progenitor cells and the

dynamics of their neurogenic potential in the human hippo-

campal formation from fetal life to adulthood. We focused on

the transition between developmental (from gestational week,

GW 13) and adult dentate neurogenesis. Neural stem/progeni-

tor cells have been identified by immunolabeling with antibo-

dies against GFAPδ and other progenitor cell markers, such as

Nestin, vimentin, SOX2, PAX6, TBR2, and their proliferation has

been analyzed by immunodetection of both Ki67 (Gerdes et al.

1991) and MCM2 markers, as previously reported (Lucassen

et al. 2010; Liu et al. 2018). Furthermore, we assessed the hippo-

campal formation of individuals with AD for abnormalities in

the expression of stem cell and cell fate markers.

Materials and Methods

Samples

The cases included in this study were selected from the brain

banks of INSERM Unit 1141, Paris, France; the Department of

Neuropathology of the Academic Medical Center, University of

Amsterdam, The Netherlands; the Institute of Neuropathology

HUB-ICO-IDIBELL Biobank, Barcelona, Spain, and the Institute

of Neurology, Medical University of Vienna, Austria (Tables 1

and 2). Informed consent was obtained for the use of brain tis-

sue and for access to medical records for research purposes.

Ten fetuses were collected after spontaneous death or legal

abortion, with written maternal consent. The gestational age of

each case was estimated on the basis of anatomy and preg-

nancy records. Hippocampal tissues from 10 infants and 19

adult donors (average age: 50 years), whose cause of death was

not related to genetic disorders, head injury, or neurological

diseases, and from five cases with AD (stage V–VI) (average age:

81 years) were also studied. Neuropathological diagnosis of AD

was carried out according to Braak stages (Braak and Braak

1991, 1995) adapted to paraffin sections (Braak et al. 2006). All

procedures followed European Union legislation and were

approved by the local ethics committees.

Histology

For frozen sections, tissue was fixed in 4% paraformaldehyde,

cryoprotected in 20% sucrose and stored at −80 °C until use.

Samples were cut into 12-μm thick cryosections, mounted on

Superfrost slides and stored at −80 °C. For paraffin sections,

samples were embedded in paraffin and cut into 5-μm thick

sections. Antigen retrieval was performed in citrate buffer for

1 h at 94 °C (1.8mM citric acid, 8.2mM sodium citrate, pH 6)

before immunolabeling. For MCM2 immunofluorescence immu-

nostaining, antigen retrieval was performed in citrate buffer for

30min at 94 °C. Frozen and paraffin sections were permeabi-

lized with 0.1% Triton X-100 dissolved in 0.12M phosphate

buffer (pH 7.4). Sections were loaded with primary antibodies

for ~16 h at 4 °C according to the concentrations reported in

Table 3. Labeling was revealed by Alexa Fluor 488-, Alexa Fluor

555-, or Alexa Fluor 676-conjugated secondary antibodies

(1:500, Invitrogen Molecular Probes).

In order to perform double-labeling using same-source anti-

bodies, we employed the Tyramide Signal Amplification (TSA)

System (PerkinElmer). Briefly, the first primary antibody was

revealed with TSA-cy3 as described by the manufacturer. Then,

sections were treated at 94 °C with buffer citrate (1.8mM acid

citric, 8.2mM sodium citrate, pHn6) for 15′. After three washes

in PBS, the second primary antibody was loaded and revealed

as described above.

Nuclei were labeled using 4′,6-diamidino-2-phenylindole (DAPI,

1 μg/ml, Invitrogen Molecular Probes), and coverslips mounted with

Fluoromount-G mounting medium (SouthernBiotech, Birmingham,

USA). Tissue from adult donors was treated with a saturated

solution of Sudan Black B (30′ at 25 °C) before coverslipping, in

order to remove autofluorescence due to lipofuscin.

Paraffin embedded sections were immunolabeled for Ki67

(1/50, CC1:90min), Sox2, Nestin and DCX using the BenchMark

ULTRA automated staining system.

Table 1. Control cases

Cases Age Tissue processing Post-mortem

delay/fixation time

1 GW 13 Frozen NA

2 GW 16 Paraffin NA

3 GW 18 Paraffin NA

4 GW 19 Frozen 24 h/72 h

5 GW 22 Frozen 8 h/24 h

6 GW 25 Frozen NA

7 GW 30 Frozen NA

8 GW 30 Paraffin NA

9 GW 38 Frozen/paraffin NA

10 GW 39 Frozen NA

11 17 Days Paraffin 24 h/72 h

12 22 Days Paraffin 10 h/10 h

13 2 months Paraffin 8 h/24 h

14 2.5 months Paraffin NA

15 4 Months Paraffin NA

16 5 Months Paraffin NA

17 2 Years Paraffin NA

18 5 Years Paraffin NA

19 7 Years Paraffin NA

20 10 Years Paraffin NA

21 23 Years Paraffin NA

22 29 Years Paraffin NA

23 35 Years Paraffin NA

24 41 Years Paraffin 12 h

25 42 Years Paraffin NA

26 45 Years Paraffin 20 h

27 45 Years Paraffin 4 h

28 47 Years Paraffin 10 h

29 51 Years Paraffin 4 h

30 52 Years Paraffin NA

31 54 Years Paraffin 8 h

32 54 Years Paraffin 9 h

33 57 Years Paraffin NA

34 59 Years Paraffin NA

35 60 Years Paraffin NA

36 61 Years Paraffin NA

37 63 Years Paraffin NA

38 65 Years Paraffin NA

39 72 Years Paraffin NA

Human Hippocampal Stem Cells and Neurogenesis Cipriani et al. | 3

Downloaded from https://academic.oup.com/cercor/advance-article-abstract/doi/10.1093/cercor/bhy096/4990939
by University of the Sunshine Coast user
on 04 May 2018



Microscopy

Tile scans were acquired by means of a Zeiss Axio Observer.Z1

fluorescent microscope with the following excitation/emission

beams: 359/461 nm for DAPI, 470/509 nm for Alexa Fluor 488, 558/

583 nm for Alexa Fluor 555 and 649/670 nm for Alexa Fluor 647,

using a Plan-Apochromat 20×/0.8 M27 objective and AxioCamMR3

camera. Images were then processed using Axiovision Rel. 4.8

software (Zeiss) and contrast adjusted with Adobe Photoshop CS3

(Adobe Systems, Mountain View, CA, USA).

Confocal analysis was performed with a Leica TCS SP8 con-

focal scanning system (Leica Microsystems) equipped with a

405 nm Diode, 488 nm Ar, 561 nm DPSS and 633 nm HeNe

lasers. Eight-bit digital images were collected from a single

optical plane using a 20× HC PL APO CS2 oil-immersion objec-

tive (numerical aperture 0.75; Leica) or a 40× HC PL APO CS2 oil-

immersion objective (numerical aperture 1.30; Leica). For each

sample, optical sections of 2048 × 2048 pixels were imaged at

0.9 μm intervals. Images were processed with LAS AF.Ink soft-

ware (Leica). Z-stack images were then analyzed with ImageJ

software (National Institutes of Health, USA). Images were

assembled into photomontages using QuarkXPress (Quark Inc.,

Denver, CA, USA).

Results (High-resolution enlargeable images
are available on the website)

For a summary of the main developmental steps see

Supplementary Fig. 7, and for a summary of the results see

Table 4.

GW 13

We have previously described the evolution and serial appear-

ance of germinal compartments during fetal hippocampal neuro-

genesis, including the presence of two germinal compartments in

Ammon’s horn and the formation of the secondary dentate

matrix (Cipriani et al. 2016, 2017). In the present study, to assess

the morphological and antigenic features of fetal hippocampal

progenitor cells, we performed double-labeling for the progenitor

markers GFAPδ and vimentin, Nestin, PAX6, TBR2, as previously

described (Cipriani et al. 2016, 2017).

In the VZ of Ammon’s horn and fimbria, Nestin+ (Fig. 1A),

vimentin+ (Fig. 1B,K), and PAX6+ (Fig. 1C,L) apical radial glial cells

(RGCs) and their processes were radially oriented towards the

Ammonic plate and the subpial layer, respectively. GFAPδ immu-

nolabeling was observed both in the somata and processes of

RGCs (Fig. 1B–D, K–M) where it overlapped with the pattern of

vimentin. Some RGCs of the SVZ and IZ displayed no apical con-

tacts, resembling basal RGCs of the neocortex (Fig. 1B–D). About

25% of PAX6+ and 41% of GFAPδ+ cells co-expressed Ki67.

In the dentate VZ (dVZ), Nestin+ cells lacked the charact-

eristic radial organization and displayed multiple processes

(Fig. 1A). Nestin+ cells were also labeled for GFAPδ, vimentin,

and PAX6 (Fig. 1E–G). In the secondary dentate matrix, Nestin+

(Fig. 1A), and GFAPδ+/vimentin+ cells were tangentially oriented

around the dentate anlage, bearing unipolar or bipolar fibers

(Fig. 1H–J). GFAPδ labeled ~95% of cells, one-third of which were

proliferating progenitors (Fig. 1J). In contrast, within the cluster

of cells forming the dentate anlage, GFAPδ+/vimentin+ progeni-

tors with unipolar or bipolar processes were less abundant

(Fig. 1H–J). GFAPδ labeled ~8% of cells, 38% of which were prolif-

erating progenitors (Fig. 1J).

In the Ammonic, dentate and fimbrial areas, GFAPδ labeling

completely overlapped with vimentin (Fig. 1B,E,H,K), but only

partially (~70%) with PAX6 expression (Fig. 1C,F,I,L). Ki67

labeling was observed in both GFAPδ+/PAX6+ and GFAPδ+/

PAX6− cells (Fig. 1D,G,J), suggesting that GFAPδ labeled different

progenitor cell populations.

In summary, these data suggest the presence of distinct

types of glial progenitor cells in the Ammonic VZ, fimbria,

dentate matrix, and anlage, based on their differential expres-

sion of Nestin, vimentin, GFAPδ, and PAX6. At this stage, the

external shell of the dentate anlage starts to form from the

secondary dentate matrix, while the hilus is not yet well

organized.

GW 16–22

A previous study has shown that at GW 16, the hippocampal

formation has rotated and the hippocampal fissure has started

to close (Humphrey 1967). In the dentate gyrus, the GCL, and

the hilus are identifiable. From GW 16 to 20, the Ammonic VZ is

reduced in thickness and proliferative capacity (Cipriani et al.

2016). Conversely, the subpial secondary dentate matrix and

the hilar matrix, containing PAX6+ and TBR2+ progenitor cells,

are highly proliferative (Cipriani et al. 2017).

In the present study, in the Ammonic VZ, Nestin, vimentin,

GFAPδ, and PAX6 still labeled apical- and basal-like RGCs in the

VZ and SVZ/IZ (Fig. 2A–F, Supplementary Figs 1.A–D and 2D).

Around 5% of PAX6+ cells were colabeled with Ki67 at GW 20.

GFAPδ was observed in vimentin+ (Fig. 2D), Nestin+ (Fig. 2E),

and PAX6+ cells (Fig. 2F, Supplementary Fig. 1D). Due to the

rotation of the hippocampus, several RGC processes were tan-

gentially oriented toward the pyramidal layer, especially in the

prospective CA1 (Fig. 2D–F), as compared with CA2-3

(Supplementary Figs 1D and 2A–D).

In the dentate area, Nestin and vimentin labeling increased

between GW 16 and 22. The SGZ became identifiable as a dense

band of Nestin+ cells underlying the granule layer (Fig. 2A,H;

Supplementary Figs 1A, 2A,B,E, and 4A). In the hilus and SGZ,

numerous RGCs had unipolar radial processes oriented toward

the GCL and branching upon entering the molecular layer

(Fig. 2G,H; Supplementary Figs 2A,B,E and 4A). GFAPδ labeling

was detected in several vimentin+ (Fig. 2G), Nestin+ (Fig. 2H)

and PAX6+ cells (Fig. 2I) of the hilus. However, the secondary

dentate matrix was more intensely labeled with GFAPδ (Fig. 2B,

Supplementary Fig. 1B,F) and showed a partial overlapping of

expression between GFAPδ and vimentin (~70%) (Fig. 2J), Nestin

(~50%) (Fig. 2K) and PAX6+ (~70%) (Fig. 2L, Supplementary

Fig. 1E,F). Some of these were proliferating progenitor cells, as

shown by colabeling for GFAPδ/Ki67 (around 7% of GFAPδ+ cells

were colabeled with Ki67) (Supplementary Fig. 1G, I), PAX6/Ki67

(~10% of PAX6+ cells were colabeled with Ki67) and vimentin/

Ki67 (~5% of Vimentin+ cells were colabeled with Ki67)

(Supplementary Fig. 2E,F), and confirmed by colabeling for

Nestin and the alternative proliferation marker MCM2, which

Table 2. Alzheimer’s disease cases

Cases Age

(years)

Tissue

processing

Post-mortem delay/

fixation time

Diagnosis

(Braak stages)

1 74 Paraffin 9 h AD V–VI

2 78 Paraffin 17 h AD V–VI

3 79 Paraffin 4 h AD V–VI

4 86 Paraffin 23 h AD V–VI

5 89 Paraffin 3 h AD V–VI
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allowed more cycling NPCs to be detected than Ki67 (around

30%) (not shown). Few GFAPδ+ or Nestin+ cells were colabeled

for TBR2 (Supplementary Fig. 1H), suggesting that GFAPδ

expression predominated in RGCs.

In the fimbria, GFAPδ labeling was detected in vimentin+,

Nestin+, and PAX6+ RGCs of the VZ and upper VZ (a more appro-

priate term than SVZ in the fimbria) (Fig. 2M–O, Supplementary

Fig. 1J). Some proliferating Ki67+/GFAPδ+ cells (~2% of GFAPδ+

cells) were found in the upper VZ (Supplementary Fig. 1K).

In summary, vimentin, Nestin, and GFAPδ labeled several

subtypes of RGCs, presumably with different neurogenic poten-

tials, in the Ammonic VZ, SVZ, dentate area, and fimbria. The

SGZ and the hilus of the dentate anlage had at least partly gen-

erated the internal shell of the granule layer.

Table 3. Antibodies employed in the study

Antibody Company Species Concentration used on

frozen/paraffin sections

Target

Proliferation

Ki67 Abcam, ab27619 Rabbit 1:200/- Cell cycle related nuclear protein

Ki67 Dako, M7240 (Clone MIB) Mouse 1:500/1:50 Cell cycle related nuclear protein

MCM2 Santa Cruz sc-9839 Goat 1:100

Neuronal progenitors

SOX2 Abcam, ab97959 Rabbit 1:200/1:100 Stem cell self-renewal transcription factor

PAX6 Proteintech, 12323-1-AP Rabbit 1:200/1:100/1:2,000 Stem cell transcription factor

PAX6 DSHB Mouse 1:10/- Stem cell transcription factor

TBR2 Abcam, ab23345 Rabbit 1:200-/1:3,000 Transcription factor present in neurogenic

intermediate progenitors

GFAPδ Millipore AB9598 Rabbit 1:2,000/1:1,000/1:3,000 Class-III intermediate filament

Vimentin Leica, VIM-572-L-CE Mouse 1:500/1:50/1:3,000 Intermediate filament protein

Nestin Millipore ABD69 Rabbit 1:500/1:200 Intermediate filament protein

Nestin Millipore MAB5326 Mouse 1:500/1:200 Intermediate filament protein

Post-mitotic cells

Doublecortin Abcam Ab18723 Rabbit 1:4,000/1:2,000 Microtubule-associated protein in immature neurons

Doublecortin Millipore AB2253 GuineaPig 1:4,000/1:2,000 Microtubule-associated protein in immature neurons

Tuj1 Eurogentec MMS-435P Mouse 1:4,000/1:2,000 The major microtubule protein

Table 4. Summary of the results

Ammon’s horn Dentate gyrus

GW 13 Apical and monopolar RGCs in the VZ/SVZ are labeled

for PAX6 (of which 25% are Ki67+), nestin, vimentin,

and GFAPδ (of which 41% are Ki67+).

Monopolar and bipolar RGCs in the secondary dentate matrix

surround the dentate anlage, labeled for PAX6, nestin,

vimentin, and GFAPδ (of which 30% are Ki67+).

Progenitors are less abundant in the dentate anlage (8% of

dentate cells are GFAPδ+, of which 38% are Ki67+).

GW 16 –22 RGCs are still labeled for PAX6 (of which 5% are Ki67+ at

GW 20) nestin, vimentin, and GFAPδ.

The GCL, the SGZ and the hilus are identifiable. Progenitors

increase in density. In the SGZ/hilus, numerous RGCs

bearing unipolar radial processes are oriented toward the

GCL and labeled with PAX6 (of which 10% are Ki67+), nestin,

vimentin, and GFAPδ (7% of which are Ki67+).

GW 25–30 Numerous SOX2+ and PAX6+ cells are still observed in

the VZ, without detectable colabeling with Ki67.

Numerous DCX+ cells are present in the SVZ and

superficial pyramidal layer.

Progenitors are still dense in the SGZ/hilus (50% of the cells

are nestin+ and 30% PAX6+, of which 7% are Ki67+ cells).

GFAPδ+ cells are observed at the FDJ.

GW 38—5 Months Several GFAPδ+/PAX6+ cells are observed in the

ependymal layer.

Numerous DCX+ cells are observed in the SVZ and

pyramidal layer.

Progenitors are still dense in the SGZ/hilus (30% of the cells

are nestin+ and PAX6+) and proliferate predominantly near

the internal limb of the DG (12% of nestin+ cells coexpress

Ki67+ and 2% of PAX6+ cells coexpress Ki67), but their

density and proliferation decline after birth.

Numerous newly generated DCX+ and TUJ1+ neurons are

present (30% of the SGZ cells).

2–10 Years Some Nestin and/or GFAPδ+/Ki67− cells are detectable in

the SVZ.

There are no DCX-expressing cells.

6% of SGZ/hilar cells express nestin, of which 13% are Ki67+ at

2 years.

DCX+/TUJ1+ cells represent 5% of granule cells at 2 years, and

their density decreases until 5 years.

Adults Ribbon of Nestin+ and/or GFAPδ+ cells is seen in the SVZ.

There are no DCX-expressing cells.

There are very few RGC-like nestin+ cells.

A few DCX+ cells are present (>1% of granule cells).
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Figure 1. Immunolabeling for progenitor cell markers in the hippocampal formation at GW 13. (A): Nestin labeling: insets show the secondary dentate matrix (ds), the

dentate anlage (DA), dentate ventricular zone (dVZ) and Ammonic ventricular zone (VZ). In the VZ of Ammon’s horn, Nestin+ cells display radial fibers oriented

towards the Ammonic plate, typical of apical RGCs. In the dVZ, the cells are less cohesive. In the ds, Nestin+ cells displaying more or less fine processes are present.
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GW 25–30

The pattern of progenitor cell distribution/generation and their

neurogenic potential have not been studied beyond GW 20 in

Ammon’s horn so far. In the dentate area, we have previously

reported that, at GW 25, the proliferative activity of PAX6+ pro-

genitor cells is reduced in the hilus and in the secondary den-

tate matrix, now located at the fimbrio-dentate junction (FDJ)

(Cipriani et al. 2017).

At GW 25, we show at present that the VZ of Ammon’s horn

continues to decrease in thickness. The network of radial glial

fibers has begun to degenerate, displaying shorter processes, and

star-shaped cells in comparison to previous stages (Fig. 3A,C).

Numerous SOX2+ (Supplementary Fig. 3A), Nestin+ (Fig. 3C) and

PAX6+ cells (Fig. 3D) were observed in the VZ and SVZ, without

detectable colabeling with Ki67 (Fig. 3E). Nestin/GFAPδ colabeling

showed the persistence of a few colabeled cells in the VZ and a

dense band of tangentially oriented cells and fibers in the SVZ/IZ

(Fig. 3C). In parallel, several DCX+ cells were detected above the VZ

and in the superficial pyramidal layer (Supplementary Fig. 3B,C),

indicating the presence of differentiating neurons within these

two compartments.

In the dentate area, Nestin+ cells and fibers were still dense

in the SGZ and represented ~50% of the SGZ/hilar population

(Fig. 3A). Among numerous SOX2+ (Supplementary Fig. 3D) and

PAX6+ cells (~30% of the SGZ/hilar population) (Fig. 3F), a few

PAX6+/Ki67+ progenitor cells were detected (~7% of PAX6+ cells)

(Fig. 3F). Very few Nestin+ unipolar cells expressed TBR2 (not

shown). Among the population of GFAPδ+ cells detected at the

FDJ (Fig. 3B, G–J), all of them expressed SOX2 (Fig. 3H), ~70% or

50% expressed PAX6 or Nestin, respectively (Fig. 3I,G), but none

of them expressed Ki67 (Fig. 3J). Some PAX6+/Ki67+ progenitor

cells were detected in the same area (~2% of PAX6+ cells),

(Fig. 3K). Numerous DCX+ cells were located in the hilus and

granular layer (Supplementary Fig. 3E,F).

In the fimbria, as in Ammon’s horn, PAX6+ glial cells had

partially lost their radial organization (Fig. 3L–M). In the upper

VZ, GFAPδ+/PAX6+cells sometimes displayed star-shaped mor-

phology or tangential processes oriented toward the internal

limb of the DG (Fig. 3L,M). In this last compartment, rare PAX6+/

Ki67+ (Fig. 3N) but no GFAPδ+/Ki67+ (Fig. 3M) progenitor cells

were detected.

Together these data indicate that neurogenic divisions

declined in Ammon’s horn between GW 20 and 25, even though

DCX+ neurons were detected in the SVZ and the pyramidal

layer. In contrast, proliferating progenitor cells remained in the

dentate area and fimbria beyond GW 30.

Perinatal age (GW 38—5 months)

In Ammon’s horn, the ependymal layer was labeled for PAX6

(Fig. 4B). GFAP, GFAPδ, and Nestin labeling was detected in

some cells of the VZ and SVZ (Fig. 4A,B), and a few double-

labeled GFAP+/Nestin+ ependymal cells were observed. The

band of GFAP+, Nestin+, and GFAPδ+ cells (Fig. 4A), containing

several GFAPδ+/PAX6+ cells and various combinations of GFAP

and Nestin labeling persisted in the SVZ (Fig. 4B). A few MCM2+

and Ki67+ cells were present among the SVZ cells (not shown).

As observed at the previous stages, proliferative activity was no

longer detected using Ki67 in GFAPδ+ (Fig. 4C). However, numer-

ous differentiating neurons, labeled for DCX, were still observed

in the SVZ (Fig. 4D) and superficial pyramidal layer (Fig. 4E).

In the dentate gyrus, the subgranular band of Nestin+ RGCs

appeared to be reduced in density as compared with previous

stages (Fig. 5A, Supplementary Fig. 4B,C), although PAX6 and

Nestin were strongly expressed in the SGZ and hilus (Fig. 5C),

where they represented more than 30% of the SGZ/hilar cells.

Subgranular Nestin+/GFAP− cells, still displayed unipolar mor-

phology (Supplementary Fig. 4B,C), whereas small cells with

short processes were observed in the hilus (Fig. 5D). Numerous

star-shaped Nestin−/GFAP+ astrocytes were located in the hilus

and SGZ (not shown) as well as a few Nestin+/GFAP+ cells. In

contrast, GFAPδ+ cells were almost undetectable (Fig. 5C). Both

Nestin+ and PAX6+ cells located near the internal limb of the

dentate gyrus partially co-expressed Ki67 (12% and 2%, respec-

tively), (Fig. 5D,E,F). MCM2+/Nestin+ cells were more numerous,

some of them located within vessel walls and likely dividing

pericytes (not shown). Numerous DCX+ and TUJ1+ neurons

represented ~30% of the cells located in the hilus and the GCL

(Fig. 5B,G,H, Supplementary Fig. 5).

At the FDJ, ~50% of GFAPδ+ cells co-expressed Nestin and

PAX6 (Fig. 4F,H). A few Ki67+ cells were detected, although no

colabeling with Nestin was observed (Fig. 4G). Rare DCX+ cells

were still detected (Fig. 4I).

In the fimbria, GFAPδ/Nestin (Fig. 4J) and GFAPδ/PAX6

(Fig. 4K) colabeling was reduced in comparison to the mid-

gestation stage, as only ~50% of GFAPδ+ cells co-expressed

PAX6. In parallel, a few DCX+ cells were still detected (Fig. 4L).

In summary, during the perinatal period, the main prolifer-

ative and neurogenic compartment was the dentate gyrus,

although the density of Nestin+ RGCs and their proliferative

capability were reduced. In parallel, young DCX+ neurons con-

tinued to be detected in the Ammonic SVZ and FDJ.

Childhood 2–10 years

In the Ammonic area, some GFAPδ+/Ki67− and a few Nestine+/

GFAP− cells were detectable in the SVZ between 2 and 10 years

(Fig. 6G). However, DCX+ cells were no longer found in the SVZ

or pyramidal layer.

In the dentate gyrus, Nestin labeling was reduced in com-

parison to the perinatal period, being found in only ~6% of SGZ/

hilar cells. Sparse Nestin+ cells with short processes were

observed in the molecular layer, SGZ and hilus (Fig. 6A,C). Some

of the Nestin+ cells co-expressed Ki67+ (13% of Nestin+ cells at

Dashed line: limit between the DA and ds. (B, E): Double-labeling for GFAPδ/vimentin. C, D, F, G, I, J: Triple-labeling for PAX6/GFAPδ/Ki67 is split into two figures for

each area: GFAPδ/PAX6 colabeling (C, F, I) and GFAPδ/Ki67 colabeling (D, G, J). Arrowheads indicate PAX6+/GFAPδ+/Ki67+ triple-labeled cells and arrows indicate PAX6−/

GFAPδ+/Ki67+ double-labeled cells. (B–D): In the Ammonic area, GFAPδ+ cells and fibers are present in the VZ, SVZ and IZ. Colabeling for vimentin (B), PAX6 (C), and

Ki67 (D; arrowheads) shows that GFAPδ+ cells are proliferating RGCs, located in the VZ, SVZ or IZ. (E–G): In the DA, GFAPδ+ cells and fibers are present in the dVZ and

the secondary matrix (ds). (E–G): Colabeling for vimentin (E), PAX6 (F) and Ki67 (G) (white arrow: PAX6−/Ki67+ cell; white arrowhead: Ki67+/PAX6+ cell, yellow arrow

and arrowheads: double-labeled cells shown in the insets). (H–J): In the DA, strong GFAPδ/vimentin colabeling is seen in cell bodies and fibers of the ds which tangen-

tially surrounds the DA and coexpress GFAPδ/PAX6 and GFAPδ/Ki67 (white arrows in H–J; inset in I). The dashed line shows the limit between the DA and the ds. In

the core of the DA, basal-like RGCs are less abundant, and colabeled for GFAPδ/vimentin or GFAPδ/Ki67 (arrows: GFAPδ+/Ki67+ cells; arrowheads: PAX6+/Ki67+ cells;

yellow arrows: double-labeled cells shown in the insets). (K–M). In the fimbria, strong GFAPδ colabeling for vimentin (K), PAX6 (L) and Ki67 (M) is seen (white arrows;

yellows arrows: double-labeled cells shown in the insets). Scale bar: A, 200 μm; B–K, 50 μm. d, dorsal; DA, dentate anlage; ds, secondary dentate matrix; dVZ, dentate

ventricular zone; FI, fimbria; IZ, intermediate zone; l, lateral; m, medial; MZ, marginal zone; SVZ, subventricular zone; v, ventral, VZ, ventricular zone.
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Figure 2. Immunolabeling for progenitor cell markers in the hippocampal formation at GW 18. (A): Intense Nestin labeling in the molecular layer, the subgranular

zone (SGZ) and hilus of the dentate gyrus (DG), the VZ, the fimbrio-dentate junction (FDJ) and the fimbria at low magnification. (B): GFAPδ+ cells present along the

Ammonic-subicular VZ, in the secondary dentate matrix (ds), the FDJ and the fimbria. They are also present in the DA (see Fig. G–I for higher magnification). (C):

Numerous PAX6+ cells in the Ammonic VZ/SVZ, FDJ, secondary dentate matrix, dentate hilus/SGZ, and fimbria. (D–F): In the Ammonic VZ and SVZ, numerous GFAPδ+

RGCs and their fibers are colabeled for vimentin (D), Nestin (E), and PAX6 (F) (arrows; yellow arrows: cells shown in the insets). Note that in the SVZ, RGC fibers are

now tangentially oriented toward the pyramidal layer, due to the rotation of the VZ. (G–I): Several subtypes of RGCs in the hilus of the dentate gyrus. Unipolar RGCs

are radially oriented toward the DG, labeled for vimentin (G) and Nestin (H) (arrows; red arrows: cells shown in the insets). Many of them are colabeled for GFAPδ+

(arrows in (G–I). (I): numerous GFAPδ+/PAX6+ cells in the hilus, some of which are shown by arrows. (J–L): In the ds and at the FDJ, strongly labeled GFAPδ+ cells are

present, some of which are colabeled for vimentin (J), Nestin (K) and PAX6 (L) (arrows; yellow arrows: cells shown in the insets). Asterisk in (J–L): internal limb of the

granule cell layer. (M–O): In the fimbria, GFAPδ strongly labels apical RGCs in the VZ and some RGCs in the upper VZ, partially colabeled for vimentin (M), Nestin (N)

and PAX6 (O) (arrows; yellow arrows: cells shown in the insets). Scale bar: A–C, 500 μm; D–N, 25 μm. d, dorsal; DG, dentate gyrus; ds, secondary dentate matrix; FDJ,

fimbrio-dentate junction; l, lateral; m, medial; v, ventral; VZ, ventricular zone.
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Figure 3. Immunolabeling for progenitor cell markers in the hippocampal formation at GW 30. (A): Dense Nestin+ cells and fibers in the molecular layer, the subgranu-

lar zone (SGZ), the granule cell layer and the hilus. Nestin+ RGCs persist in the Ammonic VZ/SVZ. (B): GFAPδ labeling mainly detected at the FDJ (fimbrio-dentate junc-

tion). (C–E): Labeling in the VZ and SVZ/IZ of the Ammonic plate, (C): Nestin/ GFAPδ colabeling showing Nestin+ cells and fibers in the VZ and SVZ/IZ, with some
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2 years) (Fig. 6A,C), and detected in the SGZ until 10 years of age

(Fig. 6I). MCM2 expression was detected in more cells than Ki67

(not shown). GFAP+ astrocytes were present, but GFAPδ+ cells

were rare and displayed an astrocyte-like morphology without

detectable Ki67 expression (Fig. 6D). In parallel, DCX+/TUJ1+

cells were still present in the GCL at 2 years (~5% of the cells)

(Fig. 6B,E), although their density appeared to decrease at 5

years and they were not detectable at 7 and 10 years (Fig. 6J).

At the FDJ and fimbria, star-shaped Nestin+ and/or GFAPδ+

cells with no detectable Ki67-labeling appeared (Fig. 6F,H,K).

Together these data show a decline in progenitor cell den-

sity while young neurons are still generated in the dentate

gyrus during childhood.

Markers of progenitor cells and young neurons in

subjects without neurological disorders (23–65 years)

The distribution and semi-quantitative evaluation of Nestin+

and GFAPδ+ cells are summarized in Table 5. Nestin labeling

intensity and cell density were highly variable both in the SVZ

and the dentate gyrus. GFAP+ astrocytes were abundantly

present.

In the Ammonic area of controls, star-shaped Nestin+ cells

resembling astrocytes were detected in the SVZ of nine indivi-

duals and appeared numerous in five cases older than 45 years

(Fig. 7A,B, Supplementary Fig. 5A). GFAPδ+ cells (8/11 cases) dis-

playing a similar morphology were more abundant in seven

colabeled cells (arrows: yellow arrows: cells shown in the insets). (D): Numerous PAX6+ cells in the VZ and some in the SVZ, sometimes colabeled for GFAPδ (arrows;

yellow arrows: cells shown in the insets). (E): A Ki67+/PAX6− cell in the SVZ/IZ. (F): Rare PAX6+/Ki67+ cells in the dentate hilus (red arrow: double-labeled cell shown in

the inset). (G–K): In the FDJ, GFAPδ/Nestin double-labeling shows numerous Nestin+ cells and some colabeled cells (G) (arrows; red arrow: cell shown in the inset).

Numerous GFAPδ+ cells colabeled for SOX2 (H) and PAX6 (I) (arrows; yellow arrow: cell shown in the inset), but not for Ki67 (J; arrow). (K): Rare PAX6+/Ki67+ cells

(arrow) near the internal limb of the granule cell layer (asterisk). (L–N): In the fimbria (FI), GFAPδ+ cells and fibers in the upper VZ, some of which are colabeled for

PAX6 (L; arrows; red arrow: cell shown in the inset) but not for Ki67 (M). (N): Numerous PAX6+ cells in the VZ and upper VZ, with rare PAX/Ki67 colabeling (arrow).

Scale bar: A, B, 500 μm C–L, 50 μm. d, dorsal; DG, dentate gyrus; FI, fimbria; FDJ fimbrio-dentate junction; l, lateral; m, medial; SGZ, subgranular zone; v, ventral.

Figure 4. Immunolabeling for progenitor cell and neuronal markers in the Ammonic and fimbrial areas during the perinatal period (GW 38—4 months). (A–D): In the

Ammonic area, Nestin+ cells are present in the VZ and SVZ/IZ (A); note the persistence of numerous labeled fibers of GFAPδ+ cells in the VZ and SVZ/IZ. The band of

Nestin+/GFAPδ+ labeling also persists. Some GFAPδ+ cells colabeled for Nestin (A; arrow) or PAX6 (B; arrows; red arrow: cells shown in the inset) but not with Ki67 (C).

(D, E): Doublecortin+ (DCX+) cells in the SVZ (D) and in the superficial pyramidal layer (E). (F–I): In the fimbrio-dentate junction, numerous Nestin/GFAPδ colabeled cells

and fibers (F and insert). (G): Numerous Nestin+ cells, a few of which are double-labeled for Ki67+. (H): Some GFAPδ+ cells colabeled for PAX6. (I): Some DCX+ cells. (J–L):

In the fimbria, dense Nestin+ cells, some of them colabeled for GFAPδ (J; arrow) intermingled with DCX+ cells (L). (K): PAX6/GFAPδ colabeling in the VZ and upper VZ

(arrows). Scale bar: 50 μm.
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controls (Fig. 7B,C). GFAP/Nestin and GFAPδ/Nestin co-

expression was infrequently seen (Fig. 7B). Although rare Ki67+

cells and some MCM2+ cells were detected, no Ki67/Nestin, Ki67/

GFAPδ, or MCM2+/Nestin colabeling was observed (Fig. 7A,C).

Nestin+ and GFAPδ+ cells were detected in ependymal granula-

tions of seven and nine control cases, respectively.

In the dentate gyrus, very few Ki67+ cells were detected

(between 0 and 2 in the total area of the GCL/SGZ, although a 23

years-old drug addict control who died from a spetic shock had

1.1 Ki67+ cells/mm of SGZ length, near to the values observed

during the perinatal period). MCM2+ cells were more numerous

although their density varied highly between cases. Nestin+ cells

were observed in nine controls, predominantly in the SGZ and

hilus compared with the GCL. They displayed a star-shaped

morphology or a few long processes extending through the gran-

ular layer or the hilus (Fig. 7D,F, Supplementary Figs 4D, E and

6B–D). Their cell bodies or processes were more or less in contact

with vessels (Fig. 7D,E). In the same areas, rare Nestin+ cells dis-

playing bipolar/unipolar or short processes were detected.

Among them, in one case, a Nestin+ cell co-expressing Ki67 was

observed (Fig. 7F), and a few MCM2+/Nestin+ cells were observed

in the vascular wall (not shown). Nestin+ cells inconsistently

co-expressed GFAP. GFAPδ+ cells were not observed in the den-

tate gyrus of young adult cases (23–41 years). In older cases

(45–65-year-old), GFAPδ+ cells displayed astrocyte-like morpholo-

gies, and were sometimes opposed to vessel walls (Fig. 7H). Less

than 30% of GFAPδ+ cells were colabeled for Nestin (Fig. 7G,H),

and none for Ki67 (Fig. 7I). SOX2, PAX6, and TBR2

Figure 5. Immunolabeling for progenitor cell and neuronal markers in the dentate gyrus during the perinatal period (GW 38—4 months). (A,B): Persistence of Nestin+

RGCs (A) and DCX+ neurons (B) in the subgranular zone (SGZ). Both cell types are denser in the internal limb (iDG) of the granule cell layer than in the external limb

(eDG). (C): Numerous PAX6+ cells in the hilus but with no GFAPδ labeling. D, E (E: higher magnification of the region indicated by the white asterisk in A): Nestin+/

Ki67+ cells in the granule cell layer, SGZ and the hilus of the dentate gyrus, mainly located near the iDG. Numerous Nestin+ cells still display unipolar radial process.

(F): numerous PAX6+ cells and rare PAX6+/Ki67+ cells near the iDG (arrows). (G): Several DCX+ cells close to the iDG (arrows; red arrow: cells shown in the inset). (H):

numerous DCX+/TUJ1+ double-labeled cells mainly located in the SGZ and deep granular layer at 4 months. eDG, external limb of the dentate gyrus; iDG, internal

limb of the dentate gyrus; SGZ, subgranular zone; Scale bars: A, B, 500 μm; C–H, 25 μm.
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Figure 6. Immunolabeling for progenitor and neuronal cell markers in the hippocampal formation during childhood (2–10 years). (A–H): 2-year-old and (I–K):

10-year-old hippocampi. A, B: Sparse Nestin+ (A) and numerous DCX+ cells (B; arrows; red arrow: cells shown in the inset) are still present, and are denser close to the

internal limb of the dentate gyrus, on the left. (C, D): Nestin+/Ki67+ cells (C; arrow) and GFAPδ+/Ki67− cells (D) in the hilus of the dentate gyrus. (E) Ramified DCX+/

TUJ1+cells in the dentate granular layer. (F): Numerous GFAPδ+/Ki67− cells are still detected at the fimbrio-dentate junction. (G): GFAPδ+/Ki67− cells in the Ammonic

SVZ. (H): Nestin+/Ki67− cells in the fimbria. (I): A few Nestin+ and Nestin+/Ki67+ cells in the dentate gyrus (arrow; asterisks: two Nestin+ vessels, note the presence of

one Nestin+/Ki67+ cell). (J): No DCX/TUJ1 labeling in the granule cell layer. (K): Nestin+ and/or GFAPδ+ cells at the fimbrio-dentate junction. Scale bar: A, B, 100 μm; C, D,

F–I and K, 20 μm; E and J, 10 μm.

12 | Cerebral Cortex

Downloaded from https://academic.oup.com/cercor/advance-article-abstract/doi/10.1093/cercor/bhy096/4990939
by University of the Sunshine Coast user
on 04 May 2018



Table 5. Distribution of GFAPδ and Nestin immunoreactive cells in adult hippocampi in subjects with and without Alzheimer’s disease

Cases Age Gender SVZ GCL SGZ/Hilus Fimbria FDJ Subpial layer EG

Nestin GFAPδ Nestin GFAPδ Nestin GFAPδ Nestin GFAPδ Nestin GFAPδ Nestin GFAPδ Nestin GFAPδ

Controls

A112-06–28 23 M +
−

+
−

+
−

+++
−

+ NA −

++ +++ NA

A46-12-5 29 M − −

+
−

+ +++
−

+ ++
−

++ + +++

A12-021 41 M + ++
− − −

+
− NA NA − −

+ +

A1178 45 M ++ +++ ++
−

++ +++ +++ ++ ++ +++ ++ ++ +++
−

A13-56 47 M + ++
− −

+++ +++ +++ ++ NA +++ ++ NA +++

A14-3 51 F ++ +++ +++
−

+++ +++ +++ +++ +++ ++++ +++ +++ +++ +

A11-046 52 F +++ ++++ +
−

++ ++ +++ NA +++ +++ ++ NA ++++

A1430 54 M + ++
−

+ ++ + ++ + +
−

++ + +++

A14-23 54 F ++ +++ +
−

+ ++ ++ ++ +++ +++ ++ ++ ++ ++

A11-073 61 F − − − −

+
−

++ +++ ++
− − NA

A11-066 65 M ++ +
− − −

++ ++ +++ NA −

++ NA +++

AD

A1297 74 F +++ ++ +
−

++ + NA NA ++ +
− − −

+

A1264 78 M + ++ +
−

+ ++ + ++ ++ ++
− −

+ ++

A1238 79 M + ++
− − −

++ NA NA + +++
− −

+ +

A1274 86 M + +++
− −

+ ++ ++ NA + NA −

+ + ++

A1254 89 M + +++ ++
−

++ ++
−

+ + ++ + + NA ++

EG, ependymal granulations; FDJ, fimbrio-dentate-junction; GCL, granular cell layer, SGZ, subgranular zone; SVZ, subventricular zone.
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immunoreactivity was not detected (not shown). At all ages, we

observed DCX+ cells (> 1% of GCL cells) displaying scanty cyto-

plasm, both in the hilus and the SGZ (Fig. 7J).

The FDJ/fimbria showed variable numbers of Nestin+ cells

with long or short processes (Fig. 7K, Supplementary Fig. 6E,F,

Table 5). Numerous GFAPδ+ (Fig. 7K,L) cells were also observed

(Table 5). Some GFAPδ+ cells in the upper VZ were colabeled for

Nestin (Fig. 7K) but not for Ki67 (Fig. 7L).

Together these data indicate that different morphologies of

Nestin− and/or GFAPδ-expressing cells lacking significant prolif-

erative activity were observed in the SVZ, dentate gyrus, and

FDJ/fimbria of the adult hippocampus.

Figure 7. Immunolabeling for progenitor and neuronal cell markers in the adult hippocampal formation of control donors. (A–C): Ammonic area. (A): A few Nestin+/Ki67−

cells in the SVZ of a 41-year-old donor; note that some ependymal cells are weakly labeled. (B): Numerous GFAPδ+ cells associated with a few Nestin+ cells in the SVZ of a

51-year-old donor. (C): GFAPδ +/Ki67− cells in the SVZ of a 54-year-old donor; the arrow shows a GFAPδ−/Ki67+ cell. (D–J): dentate gyrus. (D, E): Nestin+ cells in the subgranular

zone (SGZ) of a 54-year-old and a 51-year-old donor, respectively. Note the presence of Nestin+ cells in contact with the vessel wall through their endfeet (arrows in D and

E). (F): A Nestin+ cell with a long fine process running into the granule cell layer and a Nestin+/Ki67+ cell surrounded by Nestin+
fibers in the granule cell layer (red arrow

and inset). (G): A 45-year-old donor. Nestin+/GFAPδ− cells displaying unipolar or bipolar processes in the molecular layer (white arrow) and granule cell layer (GCL; red arrow

and upper inset). Star-shaped Nestin+/GFAPδ− and Nestin+/GFAPδ+ cells in the hilus (red arrow and lower inset). (H): In a 51-year-old donor, star-shaped Nestin−/ GFAPδ+

and Nestin+/GFAPδ+ cells in the SGZ and hilus (arrows), note the presence of Nestin−/ GFAPδ+ cells apposed to vessels. (I): Numerous GFAPδ+/Ki67− cells in the hilus and

SGZ of a 79-year-old control. (J): One DCX+ cell in a 61-year-old donor. (K, L): the fimbria of a 54-year-old donor. (K): Numerous star-shaped GFAPδ+/Nestin+ (arrows) and

GFAPδ+/Nestin− cells. (L): GFAPδ/Ki67 colabeling was not detected. GCL, granule cell layer. Scale bar: A–C and J, 12 μm; D–I, and K, L, 25 μm.
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Markers of progenitor cells and young neurons during

pathological aging

In the SVZ of patients with AD, a few Nestin+ cells were

detected, with only one case displaying dense Nestin labeling

(Fig. 8A–C, Table 5). GFAPδ+ cells were more numerous than

Nestin+ cells in all the cases (Fig. 8B–D, Table 5), and sometimes

overlaid the Nestin labeling (Fig. 8C). In one case, a proliferating

GFAPδ+/Ki67+ cell was detected (Fig. 8D).

In the dentate gyrus, the density of Nestin-labeled cells var-

ied among cases. In four cases, round cells with few processes

or star-shaped Nestin+ cells were detected in the granular

layer, SGZ (Fig. 8E,F,G,H and Supplementary Fig. 4F) and molec-

ular layer (Fig. 8I). Cells with long radial processes were also

seen (Fig. 8E,J). Both cell types sometimes co-expressed GFAPδ

(Fig. 8H–J). GFAPδ+ cells were observed in the hilus of all the

cases and were more abundant than Nestin+ cells (Fig. 8H,K

and Table 5). Both Nestin+ and GFAPδ+ cells lacked proliferative

activity as detected using Ki67 labeling (Fig. 8G,K). In the few

AD cases, in contrast to control cases, we did not detect any

obvious close contacts between Nestin+ and/or GFAPδ+ cells

and vessels (Fig. 8E–K). SOX2 immunoreactivity was not

detected (not shown).

In the FDJ/fimbria, star-shaped Nestin+ (Fig. 8L,M) and

GFAPδ+ cells (Fig. 8N,O) were detected, but no GFAPδ/Nestin

(Fig. 8N) or GFAPδ/Ki67 (Fig. 8O) colabeling was observed.

Taken together, these observations indicate the persistence

of Nestin+ and/or GFAPδ+ cells in the hippocampal SVZ, dentate

gyrus and FDJ/fimbria of patients with AD. Moreover, in the

granular layer and SGZ, Nestin+ cells with long radial processes

resembling developmental RGCs were still observed. Close con-

tacts between Nestin+ and/or GFAPδ+ cells and vessels were

less obvious compared with control cases.

Discussion

This is the first study to investigate progenitor cell subtypes

and their neurogenic potential in the human hippocampus

from fetal development to adulthood, in subjects without neu-

rological disorders and AD patients. Our results indicate that:

• In the dentate anlage, between GW 13 and 16, the secondary

matrix gives rise to a third proliferative matrix within the

hilus and the SGZ, whose proliferation and neurogenic poten-

tial decrease from GW 25 onward; however, proliferating pro-

genitor cells with neurogenic potential persist in the dentate

gyrus until childhood and DCX+ cells are detected until 5

years. A few DCX+ cells are present in adults. In the pyrami-

dal layer and SVZ, DCX expression persists only until the

early perinatal period indicating that the cell proliferation

potential in the dentate gyrus lasts longer than in the

Ammonic-subicular regions (Cipriani et al. 2016).

• The outer shell of the GCL is mainly formed by the secondary

dentate matrix, whereas the inner shell is formed at later

stages by the tertiary matrix, as suggested by animal studies

(Altman and Bayer 1990a,1990b).

• Putative resting stem cells were observed in the SVZ, dentate

gyrus and FDJ/fimbria of the adult human hippocampus from

controls and patients with AD, but they lacked significant

proliferative activity.

• Hippocampal RGCs at these different stages are morphologi-

cally, topographically, and antigenically heterogeneous. The

putative NPC marker GFAPδ is expressed in RGCs of the

human hippocampal formation during development.

RGC subtypes and their neurogenic potential in the

ammonic fields during development and aging

During development, progenitor cell markers (Nestin, vimentin,

PAX6, and GFAPδ) reveal two subtypes of RGCs in the ammonic

matrices: apical RGCs in the VZ and basal-like RGCs in the SVZ/

IZ. We observed colabeling with variable levels of these mar-

kers across the lifespan. In particular, RGCs were highly cola-

beled for Nestin and GFAPδ at early stages of development,

whereas around mid-gestation, various patterns of single- or

double-labeling appeared. Despite the morphological resem-

blance of hippocampal RGCs to neocortical RGC described in

humans (Hansen et al. 2010) and non-human primates

(Betizeau et al. 2013), we have previously reported differences

in the pattern of pyramidal neuron lamination in various hip-

pocampal regions (i.e. Ammon’s horn, the subicular complex,

and the entorhinal cortex) (Cipriani et al. 2016), indicating the

molecular heterogeneity of RGCs. The characterization of RGCs

in these areas could provide crucial information about the

mechanisms involved in neuronal subtype specification, lami-

nation, and areal specification in the hippocampus as com-

pared with the neocortex.

The neurogenic potential of RGCs has been shown to decrease

from GW 20 (Cipriani et al. 2016) in the Ammonic VZ. However,

PAX6+ cells remain abundant in the VZ/ependymal layer and SVZ

until the perinatal period. Despite the low proliferation detected

using Ki67 and MCM2 beyond GW 25, DCX+ cells are detectable

until the early perinatal period in the SVZ and the pyramidal

layer. One cannot exclude the possibility that immature neurons

remain for a longer period of time in the SVZ/IZ and deep pyra-

midal layer before differentiating into mature neurons (Altman

and Bayer 1990c), or in another scenario, that cell cycling does

occur and some late-generated neurons are destined to migrate

out of the hippocampus. Sanai et al. (2011) have reported the

presence of migrating immature neurons in the SVZ of the lateral

ventricles and the rostral migratory stream in infants before 18

months of age, a phenomenon that subsides in older children. In

addition, a major migratory pathway in these infants targets the

prefrontal cortex (Sanai et al. 2011). In contrast, the fate of hippo-

campal SVZ neurons remains to be established.

In adults, a ribbon of GFAP+, GFAPδ+, and Nestin+ cells dis-

playing astrocyte-like morphology persists in the SVZ. One

GFAPδ+/Ki67δ+ cell was observed, in the SVZ of a patient with

AD. The distribution and the morphology of GFAPδ+ and

Nestin+ cells in hippocampal SVZ of AD patients is overall simi-

lar to that of controls, confirming previous studies on GFAPδ

(Roelofs et al. 2005; Kamphuis et al. 2014). Moreover, the num-

ber of GFAPδ+ cells in the SVZ of the lateral ventricle does not

appear to be affected in other neurodegenerative diseases (van

den Berge et al. 2011). We observed variable GFAP/Nestin and

GFAPδ/Nestin colabeling, in agreement with previous observa-

tions in the lateral ventricles (van den Berge et al. 2010) and

temporal lobe (Liu et al. 2018). GFAP+ and/or Nestin+ labeled

cells are observed in ependymal granulations in our adult sub-

jects and may represent regenerative “reactive astrocytes”.

However, the properties of these GFAP+ and/or Nestin+ and

GFAPδ and/or Nestin+ cells are not clear, as few reports are

available. Nestin-expressing cells increase in density in the

temporal lobe during epilepsy (Liu et al. 2018). Weak Nestin

expression is observed in occasional astrocytes in the normal

white matter, and increases in “reactive astrocytes” in acute

and chronic plaques in multiple sclerosis (Holley et al. 2003).

Roelofs et al. have reported that GFAPδ expression is not associ-

ated with gliosis in patients with multiple sclerosis. GFAPδ
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Figure 8. Immunolabeling for progenitor and neuronal cell markers in the adult hippocampal formation of patients of different ages with Alzheimer’s disease: 74

years (A, E), 78 years (F, G, J, N), 79 years (B, C, H, K, O), 86 years (I, L, M) and 89 years (D). (A–D): Ammonic compartment. a: Nestin labels ependymal cells and numerous

cells in the SVZ in one case. (B): GFAPδ+ cells are more abundant than Nestin+ cells, but there is no colabeling. (C): One GFAPδ/Nestin colabeled cell (arrow). (D): A

GFAPδ+/Ki67+ cell in the SVZ (arrow). (E–K): dentate gyrus. (E, F): star-shaped Nestin+ cells in the granule cell layer (GCL), subgranular zone (SGZ) and the hilus. Note

the presence of 2 cells in the GCL bearing long processes in E (arrow). (G): Nestin/Ki67/GFAPδ triple-labeling showing a round Nestin+ cell with a few short processes

(arrow and inset). No colabeling is seen. (H, I): GFAPδ/Nestin colabeling showing Nestin+ cells and double-labeled cells in the hilus and SGZ (red arrow and inset in H),

and in the GCL and molecular layer (arrows in I). (J): a GFAPδ+/Nestin+ cell with long fine radial processes in the GCL (arrow and inset). A GFAPδ−/Nestin+ cell with a

long fine process is seen at the top of the panel. (K): GFAPδ+/Ki67− cells located in the SGZ and the hilus. (L, N, O): In the fimbria, numerous Nestin+ and GFAPδ+ cells

are present (L), but without colabeling (N), and GFAPδ+ cells do not show detectable proliferative activity (O). (M): Nestin labeling showing numerous cells at the

fimbrio-dentate junction. Scale bar: A–F and L–M, 12 μm; J, K, 25 μm.
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might play a role in modulating intermediate filament cytoskel-

etal properties, possibly facilitating astrocyte motility (Roelofs

et al. 2005). Alternatively, several studies suggest that human

SVZ astrocytes lining the lateral ventricles are quiescent neural

stem cells (Sanai et al. 2004; Leonard et al. 2009; van den Berge

et al. 2010) that express vimentin, GFAP and GFAPδ (Sanai et al.

2004; Roelofs et al. 2005; Leonard et al. 2009; van den Berge

et al. 2010) and behave as multipotent progenitor cells in vitro

(Sanai et al. 2004; Leonard et al. 2009; van den Berge et al. 2010).

Interestingly, GFAPδ/Nestin colabeling is observed in neuro-

spheres prepared from the adult human SVZ (van den Berge

et al. 2010).

We did not detect DCX+ neurons in the adult ammonic area,

in agreement with previous observations in lateral ventricles

(Sanai et al. 2011). Therefore, further studies will be required to

elucidate whether the hippocampal SVZ can be considered as a

neurogenic niche in adult humans.

RGC subtypes and their neurogenic potential in the

dentate anlage during development and up to the

perinatal period

The mechanisms of the formation of the dentate matrices are

not well understood. We have previously shown the sequential

formation of dentate matrices from GW 10 to 25 (Cipriani et al.

2017).

Here we show that at GW 13, the secondary dentate matrix

is formed by PAX6+/Nestin+/GFAPδ+ unipolar and multipolar

tangentially oriented RGCs, extending from the IZ to the sub-

pial region and surrounding the cluster of nascent post-mitotic

granule neurons in the dentate anlage (Cipriani et al. 2017). Our

data strongly support previous experimental studies suggesting

that this secondary dentate matrix is the source of the outer

shell of the dentate gyrus (Altman and Bayer 1990b). Around

GW 16, the hilar matrix and the SGZ become identifiable, con-

taining highly proliferative and unipolar PAX6+/Nestin+/GFAPδ+

RGCs bearing radially oriented processes that extend through

the granule cell and molecular layers. We have previously

shown that granule neurons migrate in an outside-in pattern

(Cipriani et al. 2017). Overall, our results are in line with the

radial unit hypothesis proposed in primates (Eckenhoff and

Rakic 1984), and experimental data suggesting that the inner

shell of the dentate gyrus is derived from the SGZ and hilar

matrix (Altman and Bayer 1990b). From mid-gestation, the

expression pattern of neural stem/progenitor cell markers

changes. Progenitor cells remain strongly immunoreactive for

Nestin while GFAPδ labeling predominates in the secondary

dentate matrix and FDJ/fimbria. Our data show that Ki67+ and

MCM2+ proliferating dentate progenitor cells and neurogenesis

decline in the human dentate gyrus from 25GW. Around the

perinatal period, the dense network of RGCs in the SGZ starts

to decrease in density, but neurogenesis persists during child-

hood until 5 years.

Neurogenic potential in the dentate gyrus during

normal adulthood

The study by Eriksson et al. (1998) has raised a great amount of

interest in the potential mechanisms involved in adult human

dentate neurogenesis. Here, we demonstrate the expression of

Nestin and/or GFAPδ in the dentate gyrus of most adults, con-

firming previous studies (Roelofs et al. 2005), Some of the

Nestin+ and/or GFAPδ+ cells in our study contacted vessel walls

through their somata or cell processes, resembling astrocytic

endfeet. These may represent a vascular niche of stem cells, as

reported in the adult rodent dentate gyrus (Palmer et al. 2000;

Shen 2004; Tavazoie et al. 2008).

The variable degree of expression and colabeling of GFAP/

Nestin and Nestin/GFAPδ, as shown in the present and in a pre-

vious paper (Liu et al. 2018), suggests the presence of antigeni-

cally heterogeneous cells with putative stem cell properties

(Decarolis et al. 2013). Moreover, in addition to cells with an

astrocytic morphology, we observed a few bipolar/unipolar

Nestin+ cells resembling stem cells described in the adult

mouse hippocampus (Yu et al. 2014). Ki67+ cells were very

sparse or undetectable. MCM2+ cells were more abundant but

with a great variability in density. We only found one prolifer-

ating Nestin+/Ki67+ cells in the adult human dentate gyrus,

while MCM2+/Nestin+ vascular wall cells were more numerous.

The latter cells likely correspond to the Nestin-expressing peri-

cytes described in the mouse (Alliot et al. 1999). The fate of

Nestin+ or Nestin− proliferating cells remains unknown. The

difficulty in detecting proliferating cells expressing stem cell

markers might be due to the short cell cycle of such cells or

their low numbers. However, the hypothesis that the number

of proliferating cells itself is low is supported by previous stud-

ies showing the small number of Ki67+ or MCM2+ proliferating

cells (Boekhoorn et al. 2006; Lucassen et al. 2010; Boldrini et al.

2009) and newly generated neurons (Boekhoorn et al. 2006) in

the adult human hippocampus compared with rodents (Santos

et al. 2007; Imayoshi et al. 2008; Knoth et al. 2010; Spalding

et al. 2013). A concomitant study that has just been published

also concludes that neurogenesis in the dentate gyrus does not

continue, or is extremely rare, in adult humans (Sorrells et al.

2018). In humans, 700 new neurons are estimated to be added

to each hippocampus daily, corresponding to an annual turn-

over of 1.75%, with a modest decline during aging (Spalding

et al. 2013). Using proton nuclear magnetic resonance spectros-

copy, Manganas et al. (2007) have previously shown that detec-

tion of a metabolic biomarker of neural stem/progenitor cells

dramatically decreases in the hippocampus of adult individuals

(30–35 years) when compared with preadolescent individuals

(8–10 years) and adolescent (14–16 years), indicating a major

reduction in neural stem/progenitor cell activity during post-

adolescent age. We also detected a few small cells expressing

DCX, a reliable marker of newborn neurons and neurogenesis

during development, especially in combination with TUJ1, but

human adult DCX+ cells and their functional properties remain

to be characterized in vivo.

Our previous study on the human hippocampus suggested

that the fimbria could generate other subtypes of neurons than

Cajal–Retzius cells during fetal development (Cipriani et al.

2016, 2017). Our present data suggest that fimbrial progenitor

cells might form a pool of resting stem cells during the perina-

tal period and be conserved throughout life. Further studies are

necessary to elucidate whether these cells are actually neural

stem/progenitor cells and whether they participate in adult

granulogenesis or provide neurons to other areas of the brain.

Neurogenic potential of the dentate gyrus of AD

patients

The distribution and morphology of GFAPδ+ and Nestin+ cells

in the AD hippocampus are overall similar to those of controls,

including the presence of bipolar/unipolar Nestin+ cells resem-

bling stem cells. However, it appeared that close contacts

between Nestin+ and/or GFAPδ+ cells and vessels were less

obvious compared with control cases. Nevertheless, we could
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only perform a semi-quantitative analysis due to the small

number of cases, the high variability of labeling within each

group and the difference between the two groups in terms of

average age. Nestin+ cells have not been detected in patients at

Braak stages 3–6 with one of the two anti-Nestin antibodies

used in the present study (Kamphuis et al. 2014). In the present

study, GFAPδ+ cells were more abundant than Nestin+ cells in

the SGZ/hilus of AD donors, in addition to displaying a variable

degree of GFAPδ/Nestin and GFAP/Nestin colabeling. GFAPδ+

cells have also been reported by two other studies in AD

patients (Roelofs et al. 2005; Kamphuis et al. 2014). Increased

GFAPδ transcript levels, but not increased GFAPδ immunoreac-

tivity, have been detected in the hippocampal formation of AD

donors (Kamphuis et al. 2014). GFAPδ+ cells predominate in the

dentate gyrus compared with the pyramidal layer (Roelofs et al.

2005; Kamphuis et al. 2014) and are not increased in plaque-

associated astrocytes in the dentate gyrus (Kamphuis et al.

2014).

Taken together, these data indicate a higher density of

GFAPδ+ cells in the dentate gyrus of adult (controls and AD)

compared with the fetal and infant hippocampus, and the per-

sistence of Nestin+ and GFAPδ+ cells with putative stem cell

properties in the AD hippocampus. However, the functional sig-

nificance of Nestin or GFAPδ expression remains to be estab-

lished. Astrogliosis is known to be present in presenile and AD

patients (Boekhoorn et al. 2006). Astrocyte activation is charac-

terized by the hypertrophy of cellular processes, upregulation

of GFAP, and re-expression of Nestin (Wilhelmsson et al. 2004).

Nestin may be expressed in reactive astrocytes and reflects

regenerative potential (e.g., in ependymal granulations in this

series of patients) in various CNS cell types, but this needs to

be further investigated. The rate of proliferation remained very

low, comparable to those reported in control patients and we

did not find evidence of increased neurogenesis, confirming

previous studies in presenile AD patients (Boekhoorn 2006).

The present findings and our previous studies widely char-

acterize the distribution and neurogenic potential of neural

stem//progenitor cells in the human hippocampal formation,

and provide a reliable framework to better understand the

mechanisms of human hippocampal neurogenesis. Specifically,

we show the presence of morphologically, topographically,

antigenically, and chronologically different subpopulations of

stem/progenitor cells during development and aging, including

in AD patients. Although the hippocampal SVZ might be a

putative neurogenic niche in adult humans, neurogenesis is

markedly reduced beyond the perinatal period. In addition, we

found no obvious evidence of neurogenic potential in neural

stem/progenitor cells in the dentate gyrus beyond 5 years, and

few DCX+ neurons were present in adults. Further studies are

necessary to investigate the molecular and functional proper-

ties of the diverse subsets of neural stem/progenitor cells pres-

ent in the human hippocampus.
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