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Abstract  1 

Even after birth, neuronal production continues in the ventricular-subventricular zone (V-2 

SVZ) and hippocampus in many mammals. The immature new neurons (“neuroblasts”) 3 

migrate and then mature at their final destination. In humans, neuroblast production and 4 

migration toward the neocortex and the olfactory bulb (OB) occur actively only for a few 5 

months after birth, and then sharply decline with age. However, the precise spatiotemporal 6 

profiles and fates of postnatally born neurons remain unclear due to methodological 7 

limitations. We previously found that common marmosets, small non-human primates, share 8 

many features of V-SVZ organization with humans. Here, using marmosets injected with 9 

thymidine analogue(s) during various postnatal periods, we demonstrated spatiotemporal 10 

changes in neurogenesis during development. V-SVZ progenitor proliferation and neuroblast 11 

migration toward the OB and neocortex sharply decreased by 4 months, most strikingly in a 12 

V-SVZ subregion from which neuroblasts migrated toward the neocortex. Postnatally born 13 

neurons matured within a few months in the OB and hippocampus, but remained immature 14 

until 6 months in the neocortex. While neurogenic activity was sustained for a month after 15 

birth, the distribution and/or differentiation diversity was more restricted in 1-month-born 16 

cells than in the neonatal-born population. These findings shed light on distinctive features of 17 

postnatal neurogenesis in primates. 18 

 19 
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 1 

Introduction 2 

After the end of embryonic brain morphogenesis in mammals, most neural stem cells 3 

lose their neurogenic properties and differentiate into astrocytes or ependymal cells. 4 

However, neuronal production occurs continuously after birth, even in adulthood, in the 5 

ventricular-subventricular zone (V-SVZ) located at the lateral walls of the lateral ventricles 6 

and in the subgranular zone (SGZ) in the dentate gyrus of the hippocampus. In these areas, 7 

neural stem cells with astrocyte-like morphology are maintained to generate rapidly 8 

proliferating neuronal progenitors, which produce immature new neurons called neuroblasts 9 

(Ihrie RA and A Alvarez-Buylla 2011; Lim DA and A Alvarez-Buylla 2016; Kaneko N et al. 10 

2017). The neuroblasts born in the SGZ migrate into the overlying granule cell layer and 11 

differentiate into granule cells to contribute to learning and memory function and mood 12 

modulation in the hippocampal neuronal circuit (Anacker C and R Hen 2017; Cope EC and E 13 

Gould 2019). In contrast, the neuroblasts generated in the V-SVZ make a long journey 14 

through the rostral migratory stream (RMS) to the olfactory bulb (OB), where they 15 

differentiate into olfactory interneurons within 4 to 6 weeks after they are generated (Lim DA 16 

and A Alvarez-Buylla 2016; Lledo PM and M Valley 2016). These adult-born new neurons 17 

are known to be involved in odor discrimination and learning (Sakamoto M et al. 2014; 18 

Lledo PM and M Valley 2016). In addition, after brain injury, V-SVZ-derived neuroblasts 19 

migrate toward the injured area to contribute to neuronal regeneration (Lindvall O and Z 20 

Kokaia 2015; Kaneko N et al. 2017). Therefore, the potential for postnatal neurogenesis and 21 
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its manipulation are of great interest to researchers in basic biology and clinical medicine. 1 

Advances in our knowledge about the process, regulatory mechanisms and biological 2 

significance of postnatal neurogenesis have largely depended on studies using mice, like 3 

advances in many other fields of neuroscience. 4 

Humans have a highly developed neocortex and expanded white matter in their large 5 

brain, compared with rodents (Zhang K and TJ Sejnowski 2000; Rakic P 2009; Ghosh L and 6 

S Jessberger 2013). An additional population of neural progenitor cells, including basal radial 7 

glia (or outer radial glia) and intermediate progenitors, in the developing neocortex, 8 

contributes to the expansion of the primate neocortex during embryonic morphogenesis 9 

(Geschwind DH and P Rakic 2013; Molnar Z et al. 2019). Recent studies also revealed 10 

several distinct properties of postnatal neurogenesis in the human brain. For example, during 11 

the first few months after birth, many proliferating cells and neuroblasts are observed in the 12 

V-SVZ adjacent to elongated radial glia-like cells lining the ventricular walls, and then they 13 

sharply decline by 6 months, and increasing evidence supports the notion that they disappear 14 

before adulthood (Sanai N et al. 2011; Dennis CV et al. 2016). The adult human V-SVZ has a 15 

distinctive three-layer organization (Quinones-Hinojosa A et al. 2006). Below a monolayer of 16 

multiciliated ependymal cells at the apical surface, two unique layers have been identified: a 17 

band of periventricular astrocytes referred to as an astrocytic ribbon, and a hypocellular gap 18 

composed of cytoplasmic expansions of ependymal cells and ribbon astrocytes, though their 19 

functional significance is still unknown. Interestingly, while a small subpopulation of the V-20 

SVZ-derived neuroblasts migrate into the cortex only during the first few weeks after birth in 21 
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rodents (Inta D et al. 2008; Le Magueresse C et al. 2011), human neonates possess additional 1 

migratory paths of neuroblasts directed toward the prefrontal cortex branching from the RMS 2 

(Sanai N et al. 2011) and toward the cingulate cortex radially from the V-SVZ (Paredes MF 3 

et al. 2016) for more than a few months. Since these brain regions are highly developed in 4 

primates and associated with higher brain functions and also with the etiology/cause of 5 

several neuropsychiatric diseases, it is possible that these postnatally generated neuroblasts 6 

contribute to the establishment of the elaborate neocortex in humans. However, due to the 7 

limited experimental methodology applicable in humans, the time of the birth and the fates of 8 

these cells remain to be clarified. 9 

The common marmoset, a New World non-human primate, is well established as a 10 

laboratory animal, especially for preclinical studies, due to its relatively small body size and 11 

high fecundity. They live in family groups in nature, and show high sociality and cognitive 12 

functions (Homman-Ludiye J and JA Bourne 2017). Their brain shares common 13 

developmental and structural features with those of other primates, including humans: it 14 

contains basal radial glia in the mid-gestation stages and develops a thick neocortical layer 15 

(Garcia-Moreno F et al. 2012; Kelava I et al. 2012), although it lacks complex folding of 16 

sulci in the cerebral cortex. We have previously investigated the cellular composition of the 17 

V-SVZ in marmosets (Sawamoto K et al. 2011). In both neonates and adults, the V-SVZ 18 

organization is very similar between marmosets and humans, though the hypocellular gap and 19 

astrocytic ribbon in marmosets are thinner than those in humans (Quinones-Hinojosa A et al. 20 

2006; Sawamoto K et al. 2011). Together, these features indicate that common marmosets 21 
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can provide a useful animal model for studying primate postnatal neurogenesis. In this study, 1 

using neonatal to adult marmosets with or without injection of thymidine analogues at 2 

various time points and for various durations, we demonstrated dynamic changes of the 3 

structural and the neurogenic potential in the primate V-SVZ during postnatal development.  4 

 5 

Materials and Methods 6 

Animals 7 

Postnatal day (P) 0-3 (n=8), 1-month (n=11), 2-month (n=3), 4-month (n=3) and 6-month 8 

(n=3) common marmosets (Callithrix jacchus) obtained from three mating pairs and adult 9 

(29- to 34-month) common marmosets (n=3) in a domestic animal colony were used. All 10 

experiments using live animals were performed in accordance with the guidelines and 11 

regulations of Nagoya City University. 12 

BrdU/EdU administration 13 

To label proliferating cells, 5-ethynyl-2’-deoxyuridine [EdU, Abcam, Cambridge, UK, 30 14 

mg/kg, dissolved in sterile phosphate buffered saline (PBS, pH 7.4)] alone or EdU followed 15 

by bromodeoxyuridine (BrdU, MilliporeSigma, Burlington, MA, USA, 30 mg/kg, dissolved 16 

in sterile PBS), was repeatedly injected into animals intraperitoneally, as shown in Fig. 5A. 17 

The equivalent labeling efficiency of the proliferating cells between BrdU and EdU at this 18 

dosage and using the detection method described below was confirmed using mice 19 

(Supplementary Fig. S1). For short-term fate analyses, EdU was injected once every 2 days 20 
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from P1 to P15, or from P31 to P45. For long-term fate analyses, BrdU from P1 to P7 and 1 

EdU from P31-P37 were injected three times a day.  2 

Tissue processing 3 

Animals were deeply anesthetized with isoflurane and perfused transcardially with PBS (pH 4 

7.4) followed by 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB, pH 7.4) for 5 

immunohistochemistry, or with 2% PFA-2.5% glutaraldehyde in 0.1 M PB for electron 6 

microscopy. The brains were extracted and post-fixed for 12 to 48 hours in the same fixative, 7 

then cut into 60-μm-thick and 200-μm-thick coronal sections for immunohistochemistry and 8 

electron microscopy, respectively, using a vibratome (VT1200S, Leica, Wetzlar, Germany). 9 

Immunohistochemistry 10 

Sections were incubated for 1 hour in blocking solution (10% donkey serum and 0.2% Triton 11 

X-100 in PBS) and then for 12 to 48 hours at 4°C with the primary antibody (or antibodies, 12 

as indicated in the text). After the sections were washed, they were incubated for 3 h at room 13 

temperature with Alexa Fluor-conjugated secondary antibody (1:1,000, Life Technologies, 14 

Carlsbad, CA, USA). For signal amplification, the sections were pretreated with 1% H2O2 for 15 

1 hour before blocking, and then after incubation with primary antibody (or antibodies, as 16 

indicated in the text), the sections were incubated with biotinylated secondary antibody (or 17 

antibodies, as indicated in the text) (1:1,000, Jackson Laboratory, Bar Harbor, ME, USA), 18 

and treated with the Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA, USA), 19 

and TSA Fluorescence System (PerkinElmer, Waltham, MA, USA). For BrdU staining, 20 

sections were treated with 1 M HCl at 64°C for 45 minutes before the H2O2 treatment.  21 
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The following primary antibodies were used: guinea pig anti-doublecortin (DCX) 1 

(1:400, MilliporeSigma), mouse anti-human CD31 (1:100, Agilent, Santa Clara, CA, United 2 

States), rabbit anti-myelin basic protein (MBP) (1:400, Abcam), rabbit anti-Ki67 (1:400, 3 

Leica), rabbit anti-Mash1 (1:1,000, Abcam), mouse anti-NeuN (1:100, MilliporeSigma), 4 

sheep anti-BrdU (1:2,000, Fitzgerald, Acton, MA, USA), and mouse anti-calretinin (1:1,000, 5 

MilliporeSigma). For EdU staining, sections were incubated at room temperature with a 6 

solution containing 150 mM NaCl, 50 mM Tris buffer (pH 7.5), 2 mM CuSO4(II), 2 µM 7 

Alexa Fluor azide (Life Technologies) and 10 mM sodium ascorbate in distilled water for 2 8 

hours and then washed with PBS (Esumi et al., submitted). Cell nuclei were stained with 9 

Hoechst 33342 (1:5,000, Life Technologies).  10 

Transmission Electron Microscopy  11 

Sample preparation was performed as described previously (Kaneko N et al. 2018). Briefly, 12 

200-μm-thick coronal brain sections were post-fixed with 1% OsO4 in 0.1 M PB for 2 h, 13 

dehydrated with a graded series of alcohol, and embedded in epoxy resin (Durcupan, Fluka 14 

Biochemika, Ronkonkoma, NY). Serial semi-thin sections (2.0-μm-thick) were cut with an 15 

ultramicrotome (UC7, Leica) using a diamond knife (Histo, Diatome, Hatfield, PA, USA), 16 

and stained lightly with 1% toluidine blue. Subsequently, sections cut from selected levels 17 

were glued to Durcupan blocks and detached from the glass slide by repeated freezing in 18 

liquid nitrogen and thawing. From the semi-thin sections, ultra-thin sections (60-70-nm-19 

thick) were prepared using an ultramicrotome (UC7, Leica) and a diamond knife (SYM2045, 20 

Syntek, Kanagawa, Japan), and stained with 2% uranyl acetate for 15 min and with modified 21 
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Sato’s lead solution for 5 min (Reynolds’ solution). Images were captured using a 1 

transmission electron microscope (JEM-1400Plus, JEOL, Tokyo, Japan) equipped with a 2 

digital camera. Neuroblasts were identified by their electron-dense nucleus and cytoplasm 3 

containing abundant microtubules and free ribosomes, whereas astrocytes were identified by 4 

their electron-lucent nucleus and cytoplasm and the presence of intermediate filaments and 5 

glycogen granules, as previously described (Doetsch F et al. 1997; Sawamoto K et al. 2011).  6 

Quantification  7 

The absolute number of cells in 60-μm-thick coronal sections from various rostrocaudal 8 

levels was counted in a non-blinded manner and then the total number of cells was estimated 9 

as the sum of all the counted cells. The numbers of DCX-immunoreactive cells in the V-SVZ, 10 

corpus callosum (CC)-neocortex and striatum, and of Ki67-immunoreactive cells in the V-11 

SVZ were counted under an optical microscope (BX-51, Olympus, Tokyo, Japan) with a 20x 12 

objective lens. The number of DCX+ cells in the RMS was counted after capturing confocal 13 

z-stack images with a step size of 2 μm using a confocal laser microscope LSM700 (Carl 14 

Zeiss, Jena, Germany).  15 

To visualize and count double-labeled cells, confocal z-stack images with a step size 16 

of 2 μm were captured using a confocal laser microscope LSM700 (Carl Zeiss) with a 20x 17 

objective lens. In the cases of the BrdU- and EdU-labeled cells in the neocortex of the 4- and 18 

6-month brain, a 40x objective lens was used. In the neocortex of the 4- and 6-month brain, 19 

some of the DCX+ cells were positive for an oligodendrocyte marker, Olig2, and these cells 20 

were excluded from the DCX+ cell count. For the analyses of proliferating cells and neuronal 21 
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progenitors, cells from five sections were counted, and for the analyses of neuroblasts, cells 1 

from three sections were counted. Quantitative data for fate analyses were obtained from one 2 

to three sections per analysis. 3 

For quantification of the cell density, the absolute cell number was divided by the area 4 

in which the cells were distributed, which was measured using Zen software (Carl Zeiss). For 5 

myelin quantification, the average MBP signal intensity in each animal was calculated using 6 

confocal images obtained from 3 randomly chosen areas in the CC immunostained for MBP, 7 

which was standardized using the average value at 1 month.   8 

To compare the number of neuroblasts in the neocortex at 1 and 2 months, DCX-9 

immunoreactive cells in the comparable column of the neocortex overlying the V-SVZ in one 10 

coronal section of each animal were counted. To measure the translocation index, the number 11 

of EdU-labeled DCX-immunoreactive cells in the areas over the extension, which includes 12 

the CC to the neocortex, was divided by that in the extension. 13 

Statistical Analyses 14 

All data are expressed as the mean ± standard error of the mean (SEM). Normality and equal 15 

variances between group samples were assessed using the Shapiro-Wilk test and F test, 16 

respectively. When normality and equal variance between sample groups were achieved, 17 

differences between means were determined by a two-tailed Student’s t test, paired t test, or 18 

one-way ANOVA, followed by a Bonferroni test. A P value of <0.05 was considered to be 19 

statistically significant.  20 

 21 
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Results 1 

Organization and neuroblast distribution of the V-SVZ during postnatal development 2 

 The adult marmoset V-SVZ can be divided in different subregions. It has a large 3 

dorsolateral extension between the striatum and the CC (Sawamoto K et al. 2011). In this 4 

report, we refer to the ventricular wall in this region as the “dorsolateral wall (DW)” and that 5 

along the lateral walls lining the main body of the lateral ventricle as the “lateral wall (LW)” 6 

(Fig. 1A-B, DW: continuous and broken pink lines; LW: broken cyan lines). The DW is 7 

further divided into two subsegments: the narrow area in which the ventricle is collapsed and 8 

the opposite two ventricular walls are in contact with each other (“DW-collapsed”, 9 

continuous pink lines in Fig. 1A’-B), and the wall delineating a small ventricular space 10 

containing the cerebrospinal fluid (“DW-open”, broken pink lines in Fig. 1A’-B).  11 

       We first examined the morphology and distribution of neuroblasts in the V-SVZ at age 1 12 

month using serial coronal brain sections throughout the rostro-caudal levels (Fig. 1A, level 13 

I-V) immunostained for a neuroblast marker, DCX (Fig. 1B). The DW was well developed at 14 

level II-III, but shrunken at level IV and absent in level V. Since the ventricular collapse was 15 

not observed at level I, the DW could not be discriminated from the LW. At levels I and II, 16 

DCX+ neuroblasts were accumulated in the ventral part of the LW connected to the RMS, 17 

suggesting that their destination was in the OB. We also found a dense accumulation of 18 

DCX+ cells in a small area that extended laterally from the dorsal tip of the LW at level I and 19 

from the DW-open at level II-IV, which we refer to as the “extension (EX)” (Fig. 1A’-B, red 20 

lines).  21 
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 Using electron microscopy for the analysis of coronal sections corresponding to level 1 

III (see diagram in Fig. 1A), we examined the cellular organization of the V-SVZ in each 2 

subregion during postnatal development (Fig. 1C-P). As was reported previously (Sawamoto 3 

K et al. 2011), instead of the typical three-layer organization comprising ependymal, 4 

hypocellular gap, and astrocytic ribbon layers seen in the adult animals, the neonatal (0-5 

month) LWs presented a rather thick and pseudo-stratified layer of elongated radial glia-like 6 

cells and immature ependymal cells with multiple undeveloped cilia at their apical surface 7 

and a very thin (or occasionally no identifiable) hypocellular gap layer (Fig. 1D). The third 8 

layer was thick and contained many neuroblasts and astrocytes. In contrast, in the 1-month 9 

LW, while ependymal cells still showed elongated columnar morphology, they formed mostly 10 

a simple monolayer. The hypocellular gap and astrocytic ribbon were clearly identified (Fig. 11 

1E), more closely resembling the organization of the adult LW (Sawamoto K et al. 2011). In 12 

spite of these structural differences, we could recognize many neuroblasts throughout the 13 

different cell layers (Fig. 1E-F), comparable to those at 0 months.  14 

       We further examined the organization of the walls in other areas in the 1-month V-SVZ 15 

(Fig. 1G-R, Supplementary Fig. S2). In the striatal side of the DW-open (Fig. 1H-N), the 16 

basic layer organization (Fig. 1H-I), as well as the presence of putative neural stem cells 17 

projecting an apical expansion with a primary cilium in direct contact with the ventricular 18 

surface (type B1 astrocytes, Fig. 1L-N, Supplementary Fig. S2A-B) (Doetsch F et al. 1997; 19 

Mirzadeh Z et al. 2008), were very similar to those in the LW (Fig. 1E-F), though the 20 

hypocellular gap was thinner in the DW-open than in the LW (Fig. 1E,H-I). In these areas, 21 
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neuroblasts with scant, dark cytoplasm with many free ribosomes and few organelles, 1 

microtubule-rich processes and clumped nuclei were frequently integrated into chain-like 2 

aggregates (Fig. 1E-F,H-I). They formed short discontinuous adherens junctions and had 3 

small free spaces between them (Fig. 1J, inset, filled and open red arrowheads, respectively). 4 

The neuroblasts close to the ventricle were surrounded by the expansions from ependymal 5 

cells and astrocytes (Fig. 1I), whereas those in the ribbon layer were surrounded by astrocytic 6 

cell bodies and processes (Fig. 1F,I,K). Chains of neuroblasts were rarely observed in the 7 

upper side of the DW associated with the CC (Fig. 1G). The DW-collapsed typically 8 

contained a monolayer of cuboidal ependymal cells, which is typical in the adult LW and 9 

undeveloped gap and ribbon layers, and fewer neuroblasts than the LW or DW-open 10 

(Supplementary Fig. S2C). Taken together, these features indicate that the transition from the 11 

embryonic to adult cellular organization appears to begin soon after birth in the V-SVZ, 12 

which can be clearly recognized by 1 month, and the organization of the walls is different 13 

among the V-SVZ subregions categorized by their spatial relationships with the ventricle.   14 

In contrast to the ventricular walls, the EX lacked a three-layer organization, and was 15 

directly connected with developing CC and the striatum, but not with the ventricle (Fig. 1O-16 

R). Numerous neuroblasts displaying similar ultrastructural features to those in the LW and 17 

DW-open were gathered in large clusters (Fig. 1O,P) in which they formed short adherens 18 

junctions and had small free spaces between each other (Fig. 1Q, inset, filled and open red 19 

arrowheads, respectively). While the chains of neuroblasts in the LW and DW-open of 1-20 

month V-SVZ were isolated from the parenchyma by astrocytes (Fig. 1F,I), similarly to those 21 
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in the V-SVZ and RMS of adult rodents (Jankovski A and C Sotelo 1996; Lois C et al. 1996; 1 

Doetsch F et al. 1997) and neonatal humans (Sanai N et al. 2011), the large neuroblast 2 

clusters in the EX had sparse astrocytic wrapping and frequently contacted non-myelinated 3 

axons (Fig. 1R, yellow arrowheads). We also found a huge cluster of neuroblast-like cells in 4 

the EX (Supplementary Fig. S2D-F). These cells possessed most of the ultrastructural 5 

features of typical neuroblasts contacting each other with short discontinuous junctions 6 

(Supplementary Fig. S2E, inset), but had less extensive microtubules (Supplementary Fig. 7 

S2E), and occasionally had contacting axons enwrapped by thin myelin sheathes 8 

(Supplementary Fig. S2F, purple asterisk). These observations suggest that the mode of 9 

migration of the neuroblasts in the EX is different from that in the other regions surrounded 10 

by astrocytes.  11 

 As electron microscopy observations demonstrated the presence of comparable 12 

numbers of neuroblasts in 0-month and 1-month V-SVZ, we further examined the age-13 

dependent changes in the number of neuroblasts at later postnatal periods using brain sections 14 

at levels I-V immunostained for DCX (Fig. 2A-F). Since immunostaining for DCX produced 15 

weaker signals and stronger background staining in the neonatal brain parenchyma compared 16 

with those in brains at older ages, we excluded 0-month animals from this analysis. As 17 

expected, the number of DCX+ neuroblasts in the V-SVZ was significantly decreased at 4 18 

and 6 months compared with that at 1 month (Fig. 2B), although it still appeared to be higher 19 

than that in adulthood (30-month-old, 81.3 ± 18.7 cells). Chains of neuroblasts became sparse 20 

in the LW by 4 months (Fig. 2C). The EX contained many DCX+ neuroblasts, which did not 21 
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express oligodendrocyte lineage marker Olig2 at 1 month (Supplementary Fig. S3A-C), and 1 

these DCX+ neuroblasts sharply decreased by 6 months and completely disappeared in the 2 

adult (30 months of age) (Fig. 2D-E). In contrast, DW-open contained chain-forming 3 

neuroblasts at all ages examined, even in adulthood (Fig. 2F) (Sawamoto K et al. 2011). 4 

Taken together, these findings show that during postnatal development, the distribution of 5 

neuroblasts in the V-SVZ is drastically changed in a region-specific manner. 6 

 7 

Migration of V-SVZ neuroblasts toward the postnatal brain parenchyma 8 

In the marmoset brain, the RMS arises from the ventral V-SVZ between rostrocaudal 9 

level I and II, proceeds ventrally and then turns rostrally toward the OB (Fig. 3A-A’), like the 10 

RMSs in other primates (Kornack DR and P Rakic 2001; Pencea V et al. 2001; Bedard A et 11 

al. 2002; Curtis MA et al. 2007; Gil-Perotin S et al. 2009; Sanai N et al. 2011; Wang C et al. 12 

2011). While neuroblasts are sparsely distributed and do not form chains in the adult 13 

marmoset RMS, thick chains of neuroblasts are observed throughout the RMS in neonates 14 

(Sawamoto K et al. 2011). To understand the changes in neuroblast migration toward the OB 15 

during the postnatal brain development, the number of DCX+ neuroblasts in the RMS of the 16 

olfactory tract in 1-, 4- and 6-month-old animals was quantified (Fig. 3A-C). The neuroblasts 17 

formed chain-like aggregates at all ages until 6 months throughout the three sections 18 

examined (Fig. 3B). However, both the area occupied by neuroblasts and the density of 19 

neuroblasts in the RMS were significantly decreased with increasing age (Fig. 3C, 20 
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Supplementary Fig. S3D), suggesting that addition of new neurons in the OB gradually 1 

declines with age.   2 

In the neonatal human brain, neuroblasts in the V-SVZ extensively migrate into the 3 

prefrontal cortex and the anterior cingulate cortex during the first few months after birth 4 

(Sanai N et al. 2011; Paredes MF et al. 2016). We investigated whether active migration of 5 

neuroblasts into the developing cortex was similarly observed in postnatal marmosets by 6 

examining coronal sections at level I-III (Fig. 3D-J), which contained many neuroblasts in the 7 

V-SVZ (Fig. 1B). While a neuroblast stream equivalent to the medial migratory stream was 8 

absent at all ages, numerous DCX+ neuroblasts were observed in the CC (Fig. 3F) and the 9 

deeper cortical layer (layer V-VI, Fig. 3D) at 1 month. These cells co-expressed another 10 

neuroblast marker, βIII-tubulin, (Supplementary Fig. S3E). In addition, a few neuroblasts 11 

were distributed in the upper cortical layer (layer I-IV, Fig. 3G).  12 

The DCX+ cells in 1-month CC and neocortex had a monopolar or bipolar shape with 13 

a long leading process and small oval nucleus, a morphology typical of actively migrating 14 

neuroblasts (Fig. 3D,F,G). Notably, neuroblasts extending their process radially toward the 15 

cortex were observed in the boundary between the EX and overlying CC (Fig. 3F, 16 

arrowheads, Supplementary Fig. S3C), suggesting that some of the neuroblasts in the 17 

neocortex are derived from the V-SVZ. Unlike those in the RMS (Fig. 3B), the neuroblasts 18 

migrating toward the cortex rarely formed chains or contacted blood vessels (Fig. 3D,J), and 19 

they were intimately associated with non-myelinated axons rather than astrocytic processes 20 

(Fig. 1P,R).  21 
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At 4 and 6 months, the density of DCX+ cells in this region was significantly reduced 1 

compared with the density at 1 month (Fig. 3I), and most of the DCX+ cells showed more 2 

complex morphologies, with long and branched processes (Fig. 3H), suggesting that they 3 

were undergoing differentiation into mature neurons. In young adult animals (30 months old), 4 

no DCX+ cells were observed in the neocortex (data not shown). Altogether, these findings 5 

indicate that neuroblast migration toward the postnatal neocortex occurs only during the early 6 

neonatal period. 7 

We then compared the mode of migration of neuroblasts in the 4-month brain with 8 

that in the 1-month brain at a deeper layer of the neocortex (Fig. 3D,E,J). While the 9 

percentage of individually migrating cells that were not in contact with blood vessels was 10 

significantly lower at 4 months, about 60 % of the neuroblasts were integrated into chains, 11 

which were frequently associated with blood vessels (Fig. 3J). We also compared the 12 

morphology and distribution of blood vessels, astrocytes, axons and myelin, which might 13 

affect neuroblast migration in the CC between 1 month and 4 months (Fig. 3K). There were 14 

no significant differences in morphology (Fig. 3D,E) or density of blood vessels (CD31+ 15 

area, 1 month, 67397 ± 4881 μm2/mm2; 4 months, 70175 ± 6489 μm2/mm2) or astrocytes (1 16 

month, 440 ± 29.0 cells/mm2; 4 months, 366 ± 63.4 cells/mm2). The density of axons 17 

visualized by immunostaining of neurofilaments was also not different between these two 18 

ages (data not shown). In contrast, while myelin visualized with myelin basic protein (MBP) 19 

immunohistochemistry was very sparse in the CC and overlying white matter at 1 month, it 20 

was drastically increased at 4 months (Fig. 3K, standardized MBP signal intensity, 1 month, 21 
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1.00 ± 0.41; 4 months, 8.23 ± 0.57), suggesting that neuroblasts use vascular scaffolds to pass 1 

through the developing myelin toward the cortex.       2 

We also found neuroblasts present in the striatum (Supplementary Fig. S3F-I). They 3 

were very sparse at 1 month, sharply increased at 4 and 6 months, and then declined in the 4 

adult (Supplementary Fig. S3F-G). Long chains of neuroblasts closely associated with blood 5 

vessels were frequently observed in 4- and 6-month striatum (Supplementary Fig. S3F). 6 

However, the neuroblasts were mostly distributed in the medial striatum very close to the V-7 

SVZ (Supplementary Fig. S3H-I), and showed migratory morphology at all ages 8 

(Supplementary Fig. S3F). Therefore, it is possible that these neuroblasts transiently invade 9 

the adjacent striatum during their migration toward the RMS or neocortex, but do not 10 

differentiate in the striatum.    11 

Unlike typical migrating neuroblasts in the embryonic brain, V-SVZ-derived 12 

neuroblasts possess mitotic potential during their migration in rodent and primate RMS 13 

(Pencea V et al. 2001; Ikeda M et al. 2010; Dennis CV et al. 2016). We compared the 14 

proliferative activity of the neuroblasts in each area in the V-SVZ and the migration routes 15 

(Fig. 3L). While 25.1 ± 0.85%, 23.7 ± 5.09%, 15.5 ± 1.35% and 5.06 ± 1.27% of DCX+ cells 16 

in the 1-month LW, DW, EX and RMS co-expressed proliferation marker Ki67, respectively, 17 

none of the neuroblasts in the CC or neocortex expressed Ki67. Moreover, neuroblasts in the 18 

striatum did not express Ki67 at any age. These observations suggest that the mitotic 19 

potential can be retained in the V-SVZ-derived neuroblasts migrating toward the OB, but not 20 

those migrating in the neocortex or striatum.  21 
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Taken together, our findings indicate that V-SVZ-derived neuroblasts show distinct 1 

time-windows for their active migration, migration mode and mitotic capacity depending on 2 

their destination, namely, the OB or neocortex in the postnatal primate brain.  3 

 4 

Spatiotemporal differences in proliferation activity in the postnatal V-SVZ   5 

As the organization and neuroblast distribution are different between different areas in 6 

the V-SVZ (Fig. 1,2), and the neuroblasts have different migration routes depending on age 7 

(Fig. 3), we next compared cell proliferation activities among these areas and at different 8 

ages. Although previous studies focused on the rostral V-SVZ for analyzing postnatal 9 

neurogenesis, we found a non-negligible number of Ki67+ proliferating cells in the caudal V-10 

SVZ (Supplementary Fig. S4 A,B). Therefore, we evaluated the neurogenic activity of the 11 

LW, DW and EX using coronal sections of the postnatal animals immunostained for 12 

proliferation marker Ki67 and/or transit amplifying neuronal progenitor marker Mash1 13 

throughout rostrocaudal levels I-V (Fig. 4A-C, Supplementary Fig. S4A-C). At 0 and 1 14 

month, more than 50% of the Ki67+ cells were positive for Mash1, indicating the high 15 

neurogenic potential of the early-postnatal marmoset V-SVZ. The number of Ki67+ cells was 16 

significantly increased at LW from 0 to 1 month, and then decreased by 4 months (Fig. 17 

4A,D). The decline in Ki67+ cells after 1 month was more drastic in the EX (Fig. 4B,D). In 18 

the adult brain, Ki67+ cells were located only in the LW and DW (30 months, 32.3 ± 3.8 19 

cells). These age-dependent changes were similar to the changes in the number of 20 

Ki67+Mash1+ cells (Fig. 4C,E, Supplementary Fig. S4C), although we did not find 21 
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statistically significant differences due to the limited sample size. Notably, in the EX, we 1 

found dense accumulation of Ki67+Mash1+ cells at 0 and 1 month (Fig. 4C), which 2 

decreased sharply by 4 months and completely disappeared in the adult (Fig. 4E, 3 

Supplementary Fig. S4C), suggesting that EX is involved in the production of neuroblasts 4 

only during the early postnatal period.  5 

Interestingly, no obvious age-dependent change in cell proliferation was observed in 6 

the DW (Fig. 4D,E). We therefore compared the density of Ki67+Mash1+ cells in each 7 

subregion of the V-SVZ. The Ki67+Mash1+ cell density was similar among the LW, DW and 8 

EX at 0 and 1 month (Fig. 4F,G); however, it tended to be higher in the DW than in the other 9 

regions at 4 months (Fig. 4E), suggesting that the DW retains neurogenic potential longer 10 

than the other areas after birth.  11 

Taken together, our findings show that while high neurogenic activity is maintained 12 

throughout the V-SVZ for more than a month after birth, it declines with age in a region-13 

specific manner in the postnatal marmoset brain.  14 

 15 

The fate of postnatally born neurons in the olfactory bulb 16 

In the postnatal rodent brain, after reaching the OB, the majority of the neuroblasts 17 

born in the V-SVZ differentiate into granule cells, olfactory interneurons in the granule cell 18 

layer, within 4 weeks, while about 10% of them differentiate into periglomerular cells, 19 

another type of interneuron, in the glomerular layer within 6 weeks (Lois C and A Alvarez-20 

Buylla 1994; Petreanu L and A Alvarez-Buylla 2002; Carleton A et al. 2003; Hack MA et al. 21 



 
 

 22 

2005; Merkle FT et al. 2007). In common marmosets, as the cell proliferation activity in the 1 

V-SVZ was not decreased within the first month after birth (Fig. 4), the animals were injected 2 

with thymidine analogue EdU every 2 days from P1 to P15 and from P31 to P45, and then 3 

fixed at P30 (1 month) and P60 (2 months), respectively (Fig. 5A). In spite of the extensive 4 

labeling of newly generated cells, the vast majority of EdU+ cells in the OB were co-labeled 5 

with DCX, but not with NeuN (Fig. 5B-D), indicating that they need more than 1 month to 6 

mature in the marmoset OB during postnatal development, similarly to those in the adults. To 7 

trace the longer-range fate of the postnatally born cells, marmosets injected with BrdU three 8 

times a day from P1 to P7, followed by EdU injection from P31 to P37, were fixed at 4 or 6 9 

months of age (Fig. 5A, E-K). A large number of BrdU-labeled neonatal-born and EdU-10 

labeled 1-month-born cells that expressed NeuN (BrdU+NeuN+ and EdU+NeuN+, 11 

respectively) were observed both in the 4- and 6-month OBs (Fig. 5F-G), but none of the 12 

BrdU- or EdU-labeled cells expressed DCX (Fig. 5E). These data suggest that, while some of 13 

the neuroblasts might be eliminated by cell death in the OB, as reported in rodents 14 

(Yamaguchi M and K Mori 2005; Kato Y et al. 2012), surviving neuroblasts mature into 15 

neurons within 3 to 4 months in the marmoset OB during postnatal development. Although 16 

the size of the OB was closely comparable at birth and 1 month (data not shown), the density 17 

of neonatal-born and 1-month-born neurons was reduced by about 43% and 65%, 18 

respectively, from 4 months to 6 months of age (Fig. 5G), suggesting that postnatally born 19 

neurons are extensively eliminated after maturation.  20 
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Previous studies using rodents revealed that the final positioning of new granule cells 1 

differs according to animal age: neonatal-born cells are mainly distributed in the outer 2 

granule cell layer, whereas adult-born cells reside in the inner granule cell layer (Lemasson 3 

M et al. 2005). We examined the final destination of the BrdU- and EdU-labeled cells in the 4 

6-month marmoset OB. In both the neonatal-born (BrdU+) and 1-month-born (EdU+) 5 

populations, the majority (about 60%) of labeled neurons were distributed in the outer 6 

granule cell layer, which was similar to the proportion of neonatal-born neurons in the mouse 7 

OB (Fig. 5H). However, notably, while about 11% of neonatal-born neurons resided in the 8 

glomerular layer, very few 1-month-born neurons were observed there (Fig. 5I). These results 9 

imply that production of periglomerular cells is restricted to the early postnatal period in the 10 

primate brain, which is in clear contrast to the production of periglomerular cells in rodents, 11 

in which 10% of newly generated neurons are differentiated into periglomerular cells 12 

continuously even in adulthood (Hack MA et al. 2005; Bragado Alonso S et al. 2019).  13 

Olfactory interneurons are classified according to their expression of mutually 14 

exclusive chemical markers (Kosaka T and K Kosaka 2016), and production of each neuronal 15 

subtype is temporally and spatially regulated in the postnatal brain (Merkle FT et al. 2007; 16 

Young KM et al. 2007; Batista-Brito R et al. 2008; Merkle FT et al. 2014). We investigated 17 

the expression of calretinin, a chemical marker for an olfactory granule cell subtype, in the 18 

postnatally born neurons in the 6-month granule cell layer in marmosets. The percentage of 19 

calretinin-expressing cells was significantly higher in 1-month-born cells than in neonatal-20 

born cells (Fig. 5J-K). Therefore, while the number and survival rate of olfactory 21 



 
 

 24 

interneurons are very similar between the neonatal-born and 1-month-born populations, the 1 

final destination and differentiation of these two populations are distinctive, suggesting that 2 

the V-SVZ at 0 month and that at 1 month play different roles in postnatal development of 3 

the OB in this primate. 4 

 5 

The fate of postnatally born neurons in the neocortex 6 

Although a previous study revealed extensive migration of neuroblasts from the 7 

neuroblast pool adjacent to the lateral ventricle toward the neocortex in human neonates 8 

(Paredes MF et al. 2016), their birthdate and long-term fates were unknown due to technical 9 

limitations. Since our results suggest the presence of V-SVZ neuroblasts migrating toward 10 

the neocortex in early postnatal marmoset brains (Fig. 3), we investigated the fates of 11 

postnatal-born cells in the neocortex using brain sections injected with EdU, or BrdU 12 

followed by EdU, at different postnatal periods (Fig. 5A, L-U). The density of DCX+ cells 13 

distributed in the CC-neocortex was not significantly different between 1-month and 2-month 14 

animals treated with EdU from P1 to P15 and from P31 to P45, respectively (Fig. 5N, 15 

Supplementary Fig. S5): in these animals, more than 20% of the DCX+ cells in the EX and 16 

the CC-neocortex were labeled with EdU (Fig. 5L,M,O). The neonatal-born and 1-month-17 

born EdU+DCX+ cells in the neocortex showed simple migratory morphology (Fig. 5L,M), 18 

similar to the morphology of the EdU-negative neuroblasts surrounding these neonatal-born 19 

and 1-month-born EdU+DCX+ cells in the same regions. The translocation index represented 20 

by the ratio of the number of EdU+DCX+ cells in the CC-neocortex to that in the EX in a 21 
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vertical column was not significantly different between 1 month and 2 months (Fig. 5P), 1 

suggesting that migration of the neonatal-born and 1-month-born neuroblasts from the V-2 

SVZ toward the neocortex occurred with similar efficiency in the following month.  3 

Next, we examined the long-term fate of the neonatal-born (BrdU+) and 1-month 4 

born (EdU+) neuroblasts in the 4-month and 6-month neocortex. While a small fraction of the 5 

neonatal-born and 1-month-born cells in the deeper layers had migratory morphology, the 6 

majority of them throughout the cortical layers had a large round nucleus and multiple DCX+ 7 

processes (Fig. 5Q,R), suggesting that these cells were not migrating but were undergoing 8 

maturation, as were the surrounding neuroblasts without labeling (data not shown).  9 

While the DCX+ multipolar cells did not express astrocytic (S100β) or microglial 10 

(Iba1) markers (Supplementary Fig. S6A-C), some of them expressed oligodendrocyte 11 

lineage marker Olig2 in the 4- and 6-month neocortex. In this paper, we only focused on the 12 

DCX+ cells that did not express Olig2 (Supplementary Fig. S6D). Notably, the density of 1-13 

month-born neuroblasts was much lower than that of neonatal-born neuroblasts in both 4-14 

month and 6-month neocortex (Fig. 5T), although the difference did not reach statistical 15 

significance due to the limited sample size. Unlike the new neurons in the OB (Fig. 5G), the 16 

density of these postnatally born neuroblasts was not significantly reduced in the neocortex 17 

between the age of 4 months and 6 months (Fig.  5T). Given that the densities of neonatal-18 

born and 1-month-born neuroblasts in the 1- and 2-month neocortices, respectively, were 19 

comparable (Fig. 5N), 1-month-born neuroblasts were more extensively eliminated during 20 

the third and fourth months. Moreover, only a few BrdU+ cells, and no EdU+ cells, were 21 
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found to be positive for NeuN (Fig. 5S) or GABAergic neuron marker GABA 1 

(Supplementary Fig. S6E-F) at 4 and 6 months.  2 

During cortical morphogenesis in the embryonic brain, the positioning of neurons is 3 

determined by their birthdate (Lim L et al. 2018; Silva CG et al. 2019). Neuroblast migration 4 

toward the cortex has also been reported in neonatal mice and primates; however, it is not 5 

known how the positioning of these neuroblasts is regulated. We compared the distribution of 6 

neonatal-born and 1-month-born DCX+ differentiating neuroblasts in the 6-month neocortical 7 

layers. While neonatal-born neurons were distributed almost uniformly throughout the layers, 8 

1-month-born cells were rather accumulated in the deeper layers. The percentage of 9 

thymidine analogue-labeled neuroblasts residing in the deeper layer was significantly higher 10 

in the 1-month-born group than in the neonatal-born group (Fig. 5U). 11 

Taken together, these facts support the notion that while neonatal-born and 1-month-12 

born neuroblasts migrate extensively toward the neocortex, their final destination, survival 13 

rate and maturation potential are altered depending on their birthdate, and all of these are 14 

more limited in 1-month-born cells than in neonatal-born cells.  15 

 16 

The fate of postnatally born neurons in the striatum 17 

At 1 month, neuroblasts were very sparsely observed in the striatum, and none of 18 

them were labeled with EdU that had been injected at P1-15 (Supplementary Fig. S6E,G). At 19 

2 months, the number of neuroblasts was increased, and some of them were labeled with EdU 20 

injected at P31-45 (Supplementary Fig. S6H). Although there were many DCX+ neuroblasts 21 
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in the 6-month striatum close to the V-SVZ (Supplementary Fig. S3F-G), we did not detect 1 

any BrdU-labeled neonatal-born (data not shown) or EdU-labeled 1-month-born cells 2 

expressing DCX (Supplementary Fig. S6I) or NeuN (data not shown). Therefore, at least a 3 

fraction of the neuroblasts observed in the striatum during the later postnatal period were 4 

generated postnatally, possibly in the V-SVZ (based on their distribution pattern showing that 5 

they were accumulated in the medial striatum close to the V-SVZ) (Supplementary Fig. S3H-6 

I). However, they did not stay or differentiate inside the striatum.  7 

 8 

Hippocampal neurogenesis during postnatal development 9 

In addition to the V-SVZ, the hippocampal dentate gyrus contains neural progenitor cells that 10 

can generate neuroblasts throughout life in many mammals (Anacker C and R Hen 2017). A 11 

previous study revealed that new neurons need about 6 months to mature in the dentate gyrus 12 

in adult non-human primates (Kohler SJ et al. 2011). We first examined the cell-proliferation 13 

activity in the subgranular zone, where the hippocampal neural stem/progenitor cells reside at 14 

0 and 1 month, and found that there were no significant differences between these two ages 15 

(Fig. 6A-B). We examined the birthdate-dependent difference in the fate of postnatally born 16 

new neurons in the developing hippocampus using animals injected with EdU alone (P1-P15 17 

or P 31-P45) or BrdU (P1-P7) followed by EdU (P31-P37) (Fig. 5A). In the animals fixed at 18 

1 month and 2 months following EdU injection from P1 to P15 and P31 to P45, respectively, 19 

most of the EdU-labeled cells in the granule cell layer and subgranular zone expressed DCX, 20 

but not NeuN (Fig. 6C). In contrast, in the 4- and 6-month animals (Fig. 6D-H), most of the 21 



 
 

 28 

neonatal-born (BrdU+) and 1-month-born (EdU+) cells were distributed in the granule cell 1 

layer, and generally expressed NeuN (Fig. 6D-E’), but rarely expressed DCX (data not 2 

shown), suggesting that the postnatally born cells differentiate into neurons by 4 months. The 3 

density of 1-month-born neurons tended to be higher than that of 0-month-born cells at 4 4 

months, and was significantly higher at 6 months (Fig. 6G), while the densities of both of 5 

them were not significantly altered between 4 and 6 months. There results suggest that both 6 

neonatal-born and 1-month-born cells efficiently contribute to postnatal neurogenesis in the 7 

dentate gyrus, unlike those in the neocortex.  8 

In rodents, new neurons generated in the embryonic and early postnatal periods are 9 

mainly distributed in the outer granule cell layer, whereas adult-born neurons are distributed 10 

in the inner layer (Kempermann G et al. 2003; Mathews EA et al. 2010). We investigated 11 

whether such birthdate-dependent distribution patterns were also observed in the neonatal-12 

born and 1-month-born neurons in common marmosets. In the marmoset granule cell layer, 13 

while granule cells are densely aligned in the inner and medial layers, similarly to the granule 14 

cells in rodents, they are sparsely distributed in the outer layer (Fig. 6D, oGCL). Regardless 15 

of their locations in the granule cell layer, the vast majority of these cells expressed dentate 16 

granule cell marker Prox1 (Supplementary Fig. S7). Neonatal-born (BrdU+) neurons were 17 

distributed widely from the inner to outer layers of the granule cell layer (Fig. 6D,H). In 18 

addition, some of the neonatal-born neurons were located below the granule cell layer in the 19 

subgranular zone and the hilus (Fig. 6F,H). On the other hand, 1-month-born (EdU+) neurons 20 

were accumulated in the inner to medial granule cell layers (Fig. 6D,H). Although the 21 
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function of new neurons in the hilus is currently unknown, our findings suggested that the 1 

fate of postnatally born neurons was birthdate dependent, as was the fate of those derived 2 

from the V-SVZ.  3 

 4 

Discussion 5 

Previous studies suggested that neurogenic potential is high just after birth, then 6 

sharply declines with age and almost disappears in adulthood in primates, including humans 7 

(Leuner B et al. 2007; Sanai N et al. 2011; Dennis CV et al. 2016; Sorrells SF et al. 2018). 8 

However, its precise spatiotemporal profile and the fates of the postnatally born neurons have 9 

not been investigated. In this study, using common marmosets injected with thymidine 10 

analogues during different postnatal periods, we obtained a detailed profile of the age-11 

dependent changes in the organization and neurogenic potential in the V-SVZ (Fig. 1-5) and 12 

the hippocampus (Fig. 6) and clarified the diverse fates of the postnatally born neurons 13 

depending on their birthdate and destination during postnatal development.  14 

   In common marmosets, the proliferative activity of neuronal progenitors in the V-15 

SVZ was sustained during the first month after birth, and then decreased drastically to levels 16 

close to those in the adult animals by 6 months of age (Fig. 4). These temporal profiles are 17 

well consistent with those in human infants (Sanai N et al. 2011; Dennis CV et al. 2016). In 18 

spite of the comparable proliferative activity, electron microscopic observation of the V-SVZ 19 

organization revealed clear structural differences between neonates and marmosets at 1 20 

month of age. Whereas the neonatal V-SVZ contained many radial glia (putative neural 21 
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stem/progenitor cells in the late phase of embryonic brain morphogenesis) by 1 month of age, 1 

the three-layer organization of the V-SVZ, a unique cellular composition in adult humans 2 

(Sanai N et al. 2004; Quinones-Hinojosa A et al. 2006) and non-human primates, including 3 

marmosets (Gil-Perotin S et al. 2009; Sawamoto K et al. 2011), had already developed at 1 4 

month (Fig. 1). Interestingly, while both the neonatal-born and 1-month-born neuroblasts 5 

migrated toward the OB and the neocortex to similar extents, our BrdU/EdU-mediated fate-6 

mapping study showed that the final distribution, differentiation and survival were 7 

significantly different between these two populations. In the OB, neonatal-born cells, but not 8 

1-month-born cells, were distributed in the glomerular layer in addition to the granule cell 9 

layer (Fig. 5H-I). Moreover, in the neocortex, while the neonatal-born neuroblasts were 10 

distributed throughout the layers, most of the 1-month-born neuroblasts were localized in the 11 

deeper layers (Fig. 5U). Therefore, although proliferation activity of the progenitors in the V-12 

SVZ is sustained for 1 month after birth, the diversity of the fates of their progeny decreases 13 

rapidly during the early postnatal period.   14 

 Previous studies using rodents demonstrated revealed the migration and maturation 15 

processes of the new neurons in the postnatal OB in detail and demonstrated the involvement 16 

of these neurons in odor discrimination and olfactory learning (Ihrie RA and A Alvarez-17 

Buylla 2011; Lim DA and A Alvarez-Buylla 2016; Lledo PM and M Valley 2016; Kaneko N 18 

et al. 2017). On the other hand, while we and others have previously reported that there were 19 

no BrdU+ cells expressing mature neuronal marker NeuN in the OB 1 month after BrdU 20 

injection in adult macaques, squirrel monkeys and common marmosets (Kornack DR and P 21 
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Rakic 2001; Bedard A et al. 2002; Sawamoto K et al. 2011), long-term fates of neuroblasts in 1 

the OB have not been investigated in primates. In common marmosets during postnatal 2 

development, new neurons need about 3 months to mature in the OB (Fig. 5) , which is about 3 

twice as long as needed in rodents (Petreanu L and A Alvarez-Buylla 2002; Carleton A et al. 4 

2003). Periglomerular cells are a subtype of interneurons that reside in the glomerular layer 5 

of the OB, and that are directly involved in the input of olfactory stimulation into the bulbs. 6 

In rodents, while about 10% of newly added neurons differentiate into periglomerular cells 7 

continuously in adulthood (Lois C and A Alvarez-Buylla 1994; Hack MA et al. 2005), our 8 

results indicate that periglomerular cells are produced only in the neonatal V-SVZ in 9 

common marmosets. We found that, among the granule cells, calretinin-expressing cells were 10 

more actively produced at age 1 month than in neonates (Fig. 5). Calretinin+ granule cells are 11 

involved in complex odor discrimination tasks in rodents (Hardy D et al. 2018), and their 12 

production reaches a peak in the early neonatal period in mice (Batista-Brito R et al. 2008). 13 

Taken together, these facts show that although olfactory neurogenesis is active during 14 

postnatal development in primates, the temporal profile of the production of interneuron 15 

subtypes is notably different between rodents and primates. Currently, the exact roles of each 16 

interneuron subtype are largely unknown even in mice, and it is difficult to compare the odor 17 

discrimination ability among species (Wackermannova M et al. 2016); however, these 18 

differences found in the present study might reflect different roles of postnatal neurogenesis 19 

in the development and/or regulation of olfaction between the species.  20 
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 We found that the proliferative activity of the neuronal progenitor cells and its age-1 

dependent decrease varied among the LW, DW and EX regions, which have different spatial 2 

relationships with the lateral ventricles in the V-SVZ. While cell proliferation in the EX was 3 

drastically reduced at all ages examined after 1 month (Fig. 4) in synchrony with a decrease 4 

of the number of neuroblasts migrating toward the neocortex (Fig. 3), these cell activities and 5 

numbers were maintained in the DW for over 6 months (Fig. 4). In addition, chains of 6 

neuroblasts and proliferating cells were observed almost exclusively in the DW-open in the 7 

adult V-SVZ (Fig. 2) (Sawamoto K et al. 2011). These observations suggest that stem cells in 8 

these regions are differently affected by age.  9 

     Using labeling techniques that are highly area-specific, it has been verified that the 10 

postnatal stem cells in different regions of the V-SVZ produce different types of neurons in 11 

mice (Merkle FT et al. 2007; Young KM et al. 2007; Batista-Brito R et al. 2008; Merkle FT 12 

et al. 2014). In addition, a previous study using immunohistochemistry showed distinct 13 

region-specific expression patterns of several transcription factors in adult common 14 

marmoset V-SVZ cells (Azim K et al. 2013). Therefore, the different fates of the newly 15 

generated cells according to their birthdate (Fig. 5) are thought to be attributable to 16 

differences in the timing of activation of stem cell subpopulations.  17 

 While human brains are characterized by their thick and highly gyrified neocortex, 18 

common marmoset brains are lissencephalic. Using serial sections of the 1-month brain, we 19 

found that marmosets do not have an additional migratory stream leading to the prefrontal 20 

cortex, unlike human neonates, in which neuroblasts migrate in a stream branching off the 21 
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proximal limb of the RMS toward the prefrontal cortex (Sanai N et al. 2011). However, 1 

unexpectedly, the temporal profile of marmoset V-SVZ-derived neuroblast migration toward 2 

the overlying neocortex was very similar to the corresponding profile in humans (Paredes MF 3 

et al. 2016): neuroblasts with migratory morphology are abundantly observed during the first 4 

2 months, but sharply decline by 6 months, and disappear by 2 years of age (Paredes MF et 5 

al. 2016) (Fig. 3). Neuroblasts migrating in the neonatal human neocortex were suggested to 6 

be derived from the embryonic ganglionic eminence based on their postmitotic properties and 7 

expression of transcription factors associated with this region. By repeated labeling with 8 

thymidine analogues, we demonstrated that over 20% of the neuroblasts in the neocortex 9 

were born in the postnatal brain (Fig. 5O). This proportion might be an underestimate, as our 10 

labeling methods could not label all of the newborn cells due to the rapid clearance of 11 

thymidine analogues from the circulation.  12 

       Therefore, though methodological limitations to labeling newly generated cells prevent 13 

further studies of postnatal neurogenesis in humans, it is possible that the postnatal human V-14 

SVZ also generates neuroblasts destined for the neocortex. Human infants have 15 

accumulations of postmitotic neuroblasts forming a distinct arch-shaped structure, referred to 16 

as an “arch”, adjacent to the anterior body of the lateral ventricle and within the neighboring 17 

subcortical white matter (Paredes MF et al. 2016). We found the EX in early postnatal 18 

marmosets, which contained many neuroblasts, some of which were ready to migrate toward 19 

the neocortex (Fig. 3). While the neuroblasts starting radial migration toward the neocortex 20 

were postmitotic, the EX contained many proliferating neuronal progenitors as well as 21 
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neuroblasts, unlike the arch (Fig. 4). Interestingly, arch-like organization is also observed in 1 

ferrets, which possess a gyrified cortex (Ellis JK et al. 2019), suggesting that the presence of 2 

an arch is associated with cortical gyrification rather than evolutionary similarity with 3 

humans.  4 

 In adult mouse brains, neuroblasts in the V-SVZ and the RMS are integrated in a 5 

chain surrounded by astrocytic tunnels (Jankovski A and C Sotelo 1996; Lois C et al. 1996) 6 

that control their migration (Bolteus AJ and A Bordey 2004; Snapyan M et al. 2009; Garcia-7 

Marques J et al. 2010; Kaneko N et al. 2010), and are occasionally observed migrating along 8 

blood vessels (Snapyan M et al. 2009; Kojima T et al. 2010). Although the blood vessels 9 

provide several factors that regulate neuroblast migration (Kaneko N et al. 2017), their role 10 

as a scaffold appears not to be essential for these migratory pathways toward the OB, given 11 

that only a small population of the neuroblasts contacts blood vessels. On the other hand, we 12 

previously found that neuroblast migration toward an injured area is highly dependent on the 13 

vascular scaffold in the post-stroke striatum (Yamashita T et al. 2006; Kojima T et al. 2010; 14 

Fujioka T et al. 2017), where injury-activated astrocytes inhibit their migration (Kaneko N et 15 

al. 2018). Therefore, neuroblasts might need vascular scaffolds for their migration in a non-16 

permissive microenvironment. In marmosets, the neuroblasts migrating toward the neocortex 17 

in the 1-month brain were individual cells, and independent of the blood vessels (Fig. 3). 18 

Close observation under the electron microscope revealed that the plasma membranes of 19 

these cells were making direct contact with non-myelinated axons rather than astrocytes (Fig. 20 

1). By 4 months, the number of neuroblasts distributed in these areas was drastically reduced 21 
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(Fig. 3), which might have been due to the rapid promotion of axonal myelination in the CC, 1 

since myelin-associated proteins are reported to suppress neuronal migration (Mathis C et al. 2 

2010; Yu S et al. 2016) as well as neurite extension (Schwab ME 2010). About 40% of these 3 

neuroblasts were localized along blood vessels, frequently forming chains among the 4 

myelinated axons in the developed CC and the cortex (Fig. 3K). Intimate association of 5 

neuroblasts with blood vessels is also observed in the middle layer of the arch in humans 6 

(Paredes MF et al. 2016). Therefore, blood vessels might provide an efficient scaffold for the 7 

long-distance migration of the V-SVZ-derived neuroblasts in non-permissive 8 

microenvironments in the primate brain. 9 

In human infants, DCX+ cells in the anterior cingulate cortex express GABAergic 10 

neuron marker GAD67 and interneuron markers including calretinin, neuropeptide Y, 11 

somatostatin or calbindin, and these cells are considered to mature and reside there during the 12 

first 5 months after birth (Paredes MF et al. 2016), although fate mapping studies cannot be 13 

performed in humans. In the marmoset brain, while both BrdU-labeled neonatal-born and 14 

EdU-labeled 1-month-born neuroblasts migrating into the OB and hippocampal granule cell 15 

layer expressed NeuN by 4 months, the vast majority of them in the neocortex expressed 16 

DCX even at 6 months (Fig. 5). They developed multiple neurites and sometimes expressed 17 

interneuron marker calretinin, suggesting that they were undergoing differentiation. However, 18 

we could find only a small number of neonatal-born cells (Fig. 5S), and no 1-month-born 19 

cells, that expressed NeuN, and none of the labeled cells expressed other interneuron markers 20 

except for GABA (Supplementary Fig. S6F) in the animals at either 4 or 6 months of age. 21 
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Since DCX+ cells are not observed in the young adult (30-month-old) neocortex, the DCX+ 1 

postnatal-born cells might mature or die by that age. Though it is possible that the postnatal-2 

born DCX+ cells with differentiating morphology play some role in the cortical neuronal 3 

circuit, these results suggest a limited contribution of the postnatally born cells to cortical 4 

development, at least under physiological conditions in common marmosets. It will be 5 

interesting to study whether these cells mature to compensate for the function of lost neurons 6 

after brain injury, as we have recently reported in mice (Jinnou H et al. 2018). 7 

 Although the possible occurrence of neurogenesis in the postnatal human 8 

hippocampus is of great interest and under debate among researchers (Paredes MF et al. 9 

2018; Parolisi R et al. 2018; Duque A and R Spector 2019), further technological 10 

developments that will overcome current methodological limitations are needed to address 11 

the issue. Non-human primate studies can provide information useful for understanding the 12 

human brain. In this report, we demonstrated spatiotemporal profiles of the organization and 13 

neurogenic activity of the V-SVZ during postnatal development in common marmosets, 14 

which share much in common with those in human infants. By thymidine analogue injection 15 

at different time points and for different durations, here we revealed for the first time the fate 16 

of the postnatally born cells in detail in the brain of a non-human primate. These findings 17 

shed light on the capacity and limitations of endogenous neurogenesis in the primate brain.  18 
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Figure legends 1 

Figure 1: Organization of the V-SVZ at 0 and 1 month 2 

A-C: Sagittal and coronal views of a common marmoset brain. In the illustration of sagittal 3 

view, different rostro-caudal levels from level I to level V are indicated (A). In the illustration 4 

of the coronal view (A’), coronal sections immunostained for DCX (B), and a coronal semi-5 

thin section stained with toluidine blue for electron microscopy (C), subregions of the V-SVZ 6 

are indicated with different colors (LW: cyan broken lines, DW-collapsed: pink line, DW-7 

open: pink broken line, EX: red lines).   8 

D-F: Electron microscopy images of the LW at ages 0 months (D) and 1 month (E,F). 9 

Neuroblasts and astrocytes are indicated with pink and blue, respectively (F).  10 

G-K: Electron microscopy images of the DW-open at 1 month. In the dorsal wall associated 11 

with corpus callosum (CC side), ependymal layers, but not the other layers, are 12 

distinguishable (G). In the striatal side (St side) of the DW-open (H,I), neuroblasts, 13 

astrocytes, ependymal cells, and microglia are indicated by pink, blue, green and brown, 14 

respectively (I). In a chain, neuroblasts (Nb) make a small adherens junction (filled 15 

arrowheads) and free spaces (open arrowheads) between them (J, inset shows higher 16 

magnification image of the boxed area). Higher magnification image of the boxed area in (I) 17 

shows a neuroblast (Nb) integrated into a chain contacting an astrocytic (As) cell body (blue 18 

arrowheads) (K). 19 

L-N: Electron microscopy images of putative neural stem cells (type B1 cells) in the St side 20 

of the DW-open at 1 month. Type B1 cell (cyan) displays radial morphology and presents an 21 
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apical expansion that contacts the lateral ventricle (L, filled arrowheads) and a basal 1 

expansion containing many intermediate filaments (L, open arrowheads). M and N show 2 

higher magnification images of the boxed area in L. The filled arrow in M indicates the 3 

primary cilium, with abundant pericentriolar material, and the open arrow in N indicates a 4 

bundle of intermediate filaments. 5 

O-R: Electron microscopy images of the EX. In the EX (O), the higher magnification image 6 

of a large chain of neuroblasts (the boxed area) shows neuroblasts, astrocytes, microglia, and 7 

non-myelinated axons (pink, blue, brown and yellow, respectively) surrounding the chain (P). 8 

In a chain, neuroblasts (Nb) make a small adherens junction (filled arrowheads) and free 9 

spaces (open arrowheads) between them (Q, inset shows a higher magnification image of the 10 

boxed area). Higher magnification image of the boxed area in (P) shows an individual 11 

neuroblast (Nb) migrating into the corpus callosum contacting non-myelinated axons (yellow 12 

arrowheads) (R). 13 

Scale bars: 500 μm, B, C; 100 μm, D, E, G, H, O; 5 μm, F, I, L, P; 0.5 μm, J, K, Q, R; 0.2 14 

μm, M, N 15 

LW: lateral wall, DW: dorsolateral wall, EX: extension, EL: ependymal cell layer, HG: 16 

hypocellular gap, RL: ribbon layer. 17 

 18 

Figure 2: Quantification of neuroblasts in the V-SVZ at 1, 4, 6 and 30 months  19 

A: An illustration of V-SVZ in a coronal brain section at level III indicating the V-SVZ 20 

subregions and the areas shown in C-D. 21 
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B: The number of DCX+ neuroblasts in the V-SVZ at 1, 4 and 6 months. 1 

C-F: Coronal sections of the V-SVZ immunostained for DCX. The DCX+ neuroblasts 2 

distributed in the LW (C) are gradually reduced with age by 6 months, and very few remain 3 

in adulthood. Neuroblasts are densely distributed in the EX at 1 month, but sharply decline by 4 

6 months, and completely disappear in adulthood (30 months)(D, E). Neuroblasts in the DW-5 

open decline in number with age, but contain small chains of DCX+ cells even in adulthood 6 

(F). Nuclei were stained with Hoechst 33342. C-E: single z-axis images, F: z-stack projection 7 

images. 8 

Scale bars: 100 μm, D; 20 μm, C,E,F 9 

LW: lateral wall (cyan broken lines), DW: dorsolateral wall (pink lines), EX: extension (red 10 

lines) 11 

The quantification data are presented as mean ± SEM, *P<0.05 12 

 13 

Figure 3: Neuroblast migration toward the olfactory bulb and neocortex at 1, 4 and 6 14 

months 15 

A-A”: Schematic illustration of a common marmoset brain. The sagittal view (A) indicates 16 

the RMS (blue line) and the rostrocaudal levels of the coronal views (A'-A”). In the coronal 17 

views, the areas for image acquisition and histological analyses are indicated with boxes and 18 

broken lines (A’, A”) (LW: cyan lines, EX: red lines). 19 

B-C: Distribution of DCX+ neuroblasts in the RMS at 1, 4, and 6 months of age. The 20 

confocal images show transverse sections of the olfactory tract immunostained for DCX (B). 21 
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Higher magnification images of the RMS (boxed areas) are shown in the panels below. 1 

Nuclei were stained with Hoechst 33342. The graph shows the density of DCX+ neuroblasts 2 

in the RMS at 1, 4 and 6 months (C). 3 

D-K: Distribution of DCX+ neuroblasts in the corpus callosum (CC) and the neocortex (Ncx) 4 

at 1, 4, and 6 months of age. The images show DCX+ neuroblasts close to CD31+ blood 5 

vessels in the deeper layer Ncx at 1 month (D) and 4 months (E), at the boundary between the 6 

V-SVZ extension (EX) and CC (F, arrowheads indicate DCX+ cells directed radially toward 7 

Ncx) at 1 month, and in the upper layer Ncx at 1 month (G) and 4 months (H) (D,E,G,H: z-8 

stack projection images, F: single z-axis image). Nuclei were stained with Hoechst 33342. 9 

The graphs show the density of DCX+ cells distributed in the CC-Ncx at 1, 4 and 6 months 10 

(I) and the percentage of these cells in each migration mode (J, chain formation and contact 11 

with blood vessels) at 1 month and 4 months. Confocal images of the CC and cortical white 12 

matter immunostained for DCX and myelin marker MBP at 1 month and 4 months show 13 

progressive myelination (K). Higher magnification images of the boxed area are shown 14 

below.  15 

L: Proliferation of neuroblasts in different regions and at different ages. In confocal images, 16 

DCX+ cells in 1-month RMS, but not in the Ncx or 6-month St, were occasionally colabeled 17 

with proliferation marker Ki67 (arrowheads).  18 

Scale bars: 500 μm, K top; 100 μm, B top; 50 μm, K bottom; 20 μm, B bottom; 10 μm, D-H, 19 

L  20 

The quantification data are presented as mean ± SEM, *P<0.05, **P<0.01 21 
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 1 

Figure 4: Comparison of cell proliferation activities among the V-SVZ subregion at 0, 1, 2 

4, and 6 months 3 

A-C: Common marmoset V-SVZ (level III) immunostained for Ki67. Cell nuclei were 4 

stained with Hoechst 33342. Z-stack images show Ki67+ proliferating cells in the LW (A) 5 

and the EX (B) at 0, 1, 6 and 30 months. Confocal images of the EX immunostained for Ki67 6 

and a transit amplifying neuronal progenitor marker, Mash1, show a large cluster of 7 

Ki67+Mash1+ cells at 1 month, but not at 6 months (C).  8 

D-E: Number of Ki67+ cells at 0, 1, 4, and 6 months of age (D) and Ki67+Mash1+ cells at 0, 9 

1, and 4 months of age (E) in the LW, DW and EX.  10 

F-H: Density of Ki67+Mash1+ cells in the LW, DW and EX at 0 months (F), 1 month (G), 11 

and 4 months (H).  12 

Scale bars: 200 μm, B; 20 μm, A; 10 μm, C 13 

LW: lateral wall, DW: dorsolateral wall, EX: extension 14 

The quantification data are presented as mean ± SEM, *P<0.05, **P<0.01 15 

 16 

Figure 5: Fates of the postnatally born cells depending on their birthdate and 17 

destination 18 

A: Experimental designs showing timings of BrdU and/or EdU injections to label neonatal-19 

born cells (red) and 1-month-born cells (magenta) in common marmosets during postnatal 20 

development. 21 
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B: Low magnification image of a whole olfactory bulb (OB) immunostained for a mature 1 

neuronal marker, NeuN. Higher magnification image of the boxed area presented below 2 

shows layer organization (inner granule cell layer: iGCL, outer GCL: oGCL, and glomerular 3 

layer: GL). 4 

C-D: Short-term fate of postnatally born cells in the OB. EdU-labeled neonatal-born and 1-5 

month-born DCX+ cells in 1-month (C) and 2-month (D) OB, respectively.  6 

E-K: Long-term fate of neonatal-born (BrdU+) and 1-month-born (EdU+) neurons in the 7 

OB. BrdU+ and EdU+ cells did not express DCX (E), but expressed NeuN (F) in 4-month 8 

and 6-month GCL. The graphs show the density of NeuN+ cells labeled with BrdU or EdU in 9 

the whole OB (G) at 4 and 6 months and the percentage of their distribution in each cell layer 10 

of the GCL (H) and the GL (I) at 6 months. Confocal images (J) and the percentage of 11 

interneuron subtype marker calretinin (CR) expression in BrdU+ and EdU+ cells (K).   12 

L-P: Short-term fate of postnatally born cells in the corpus callosum (CC) and neocortex 13 

(Ncx). EdU-labeled neonatal-born and 1-month-born DCX+ cells in the 1-month (L) and 2-14 

month deeper layer Ncx (M), respectively. The graphs show the density of EdU+DCX+ cells 15 

in the CC-Ncx (N), the percentage of EdU-labeled cells among all the DCX+ cells distributed 16 

in the V-SVZ extension (EX) and the CC-Ncx (O), and the translocation index of the 17 

EdU+DCX+ cells (P). 18 

Q-U: Long-term fate of neonatal-born (BrdU+) and 1-month-born (EdU+) cells in the Ncx. 19 

Z-stack projection images show BrdU+ (Q) and EdU+ (R) cells expressing DCX in the 6-20 

month Ncx. Confocal image shows a BrdU+NeuN+ cell and its x-z and y-z plane views (S). 21 
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The graphs show density of the DCX+ cells labeled with BrdU or EdU in 4-month and 6-1 

month Ncx (T), and the percentage of their distribution in the deeper layer (layer V-VI) Ncx 2 

at 6 months (U).   3 

Scale bars: 200 μm, B; 5 μm, C-F, J, L-M, Q-S 4 

The quantification data are presented as mean ± SEM, *P<0.05 5 

 6 

Figure 6: Postnatal neurogenesis in the common marmoset dentate gyrus 7 

A-B: Cell proliferation in the postnatal subgranular zone (SGZ) of the dentate gyrus (DG). 8 

Confocal images  (A, left, 0 months, right, 1 month) and the number (B) of Ki67+ cells 9 

distributed in the SGZ of 0-month and 1-month animals.  10 

C: Confocal images of neonatal-born and 1-month-born EdU+cells in the DG immunostained 11 

for DCX and NeuN at 1 and 2 months, respectively. The boundaries of the granule cell layer 12 

(GCL) are indicated with yellow broken lines. 13 

D-F: Long-term fate of neonatal-born (BrdU+) and 1-month-born (EdU+) neurons in the DG. 14 

BrdU+ and EdU+ cells expressing NeuN (red and magenta arrowheads, respectively) were 15 

distributed in the hilus, SGZ, inner granule cell layer (iGCL), medial GCL (mGCL), and 16 

outer GCL (oGCL) in the 6-month DG (D). Higher magnification confocal images of a 17 

BrdU+NeuN+ cell (E) and EdU+NeuN+ cells (E’) in the GCL, and BrdU+NeuN+ cell in the 18 

SGZ (F) are presented. The graphs show the density of BrdU+NeuN+ cells and EdU+NeuN+ 19 

cells (G) and the percentage of these cells’ distribution in each layer (H) of the DG at 6 20 

months.  21 
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Scale bars: 50 μm, C, D; 20 μm, A, F; 5 μm, E, E’  1 

The quantification data are presented as mean ± SEM, *P<0.05 2 

 3 

 4 














