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Abstract

The postnatal neocortex has traditionally been considered a non-neurogenic region, under non-pathological conditions. A
few studies suggest, however, that a small subpopulation of neural cells born during postnatal life can differentiate into
neurons that take up residence within the neocortex, implying that postnatal neurogenesis could occur in this region, albeit
at a low level. Evidence to support this hypothesis remains controversial while the source of putative neural progenitors
responsible for generating new neurons in the postnatal neocortex is unknown. Here we report the identification of self-
renewing multipotent neural progenitor cells (NPCs) derived from the postnatal day 14 (PD14) marmoset monkey primary
visual cortex (V1, striate cortex). While neuronal maturation within V1 is well advanced by PD14, we observed cells
throughout this region that co-expressed Sox2 and Ki67, defining a population of resident proliferating progenitor cells.
When cultured at low density in the presence of epidermal growth factor (EGF) and/or fibroblast growth factor 2 (FGF-2),
dissociated V1 tissue gave rise to multipotent neurospheres that exhibited the ability to differentiate into neurons,
oligodendrocytes and astrocytes. While the capacity to generate neurones and oligodendrocytes was not observed beyond
the third passage, astrocyte-restricted neurospheres could be maintained for up to 6 passages. This study provides the first
direct evidence for the existence of multipotent NPCs within the postnatal neocortex of the nonhuman primate. The
potential contribution of neocortical NPCs to neural repair following injury raises exciting new possibilities for the field of
regenerative medicine.
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Introduction

Under normal physiological conditions, the postnatal mamma-

lian neocortex is widely accepted as a non-neurogenic zone. The

prevailing dogma maintains that neurons residing within the

postnatal neocortex are generated exclusively during embryogen-

esis [1]. With the exception of two recognized sites of postnatal

neurogenesis, namely the subventricular zone (SVZ)/olfactory

bulb axis and hippocampal dentate gyrus [2], the assertion that

neurogenesis occurs in other regions of the postnatal brain,

particularly the neocortex, remains highly controversial.

The principal methodology used to investigate evidence for

postnatal neurogenesis has relied upon in vivo administration of

thymidine analogues that label dividing cells. After a suitable

‘chase’ period, labelled cells that subsequently differentiate into

postmitotic neurons have been identified on the basis of

histological and/or neurochemical criteria, in particular, the co-

expression of neuronal markers such as NeuN (reviewed by [3]).

While numerous studies have found evidence to support low-level

neurogenesis in the postnatal neocortex [4–7], many others have

not [8–10]. The reasons for discrepancies between studies have

been the subject of rigorous debate [1,3,11].

A complementary approach to investigate the intrinsic neuro-

genic capacity of the postnatal neocortex involves the in vitro

characterization of acutely isolated neocortical cells to assay for the

presence of multipotent neural progenitor cells (NPCs). The

generation of proliferative clones of multipotent NPCs, known as

neurospheres, by culturing acutely isolated cells in the presence of

epidermal growth factor (EGF) and/or fibroblast growth factor-2

(FGF-2), provided critical evidence to establish the neurogenic

potential of the adult mouse SVZ [12,13] and hippocampus [14].

Assessing the neurosphere-forming capacity of the neocortex tissue

has produced mixed results with early studies in the mouse

suggesting the existence of FGF-2-responsive progenitors with

latent neurogenic capacity [15] and more recent reports finding no

such evidence in the normal uninjured neocortex [16].

In this study, we sought to determine the existence of

neocortical NPCs within the primary visual cortex (V1, striate

cortex) of the common marmoset monkey, a nonhuman primate

that serves as a robust model for anatomical and physiological
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studies of the visual neocortex. Gestation in the marmoset monkey

lasts 145 days and corticogenesis begins around embryonic day

(ED) 50 similar to the macaque [17]. Cortical lamination starts

after ED90, and by ED130 the six discrete cortical layers can be

discriminated, albeit thinner than in the adult [18]. By birth, the

pyramidal neuron maturation marker nonphosohorylated neuro-

filament (NNF) is expressed in all primary sensory areas, and is

sequentially up-regulated in the rest of the neocortex as areas

mature and refine their connections during the first postnatal

months [19]. Onset of gliogenesis occurs just before birth and

extends through the first postnatal weeks (reviewed in [20]).

We chose to examine evidence for neocortical NPCs in

postnatal day (PD) 14 marmoset V1 because all neuronal cell

layers within this region are generated well before birth [21] and

pyramidal neurons exhibit adult-like characteristics defined by

high level expression of the maturation marker NNF at this stage

[22]. Furthermore, the visual cortex of the rat was among the

earliest neocortical regions for which postnatal neurogenesis was

described [7], and has been demonstrated to exhibit a robust

neurogenic response to focal laser-lesioning [23]. Here we describe

the identification of candidate NPCs in V1 neocortex expressing

the progenitor marker Sox2 and proliferation marker Ki67

subpopulations of which express the Ng2 proteoglycan or GFAP

and the in vitro characterization of V1-derived self-renewing

neurospheres that exhibit multipotential differentiation capacity.

Materials and Methods

Ethics Statement
Experiments were conducted in accordance with the Australian

Code of Practice for the Care and Use of Animals for Scientific

Purposes and were approved by the Monash University Animal

Ethics Committee (MAS-2009-08). Animals were obtained and

housed at the National Nonhuman Primate Breeding and

Research Facility (NNHPBRF; Monash University).

Animals
Fifteen New World marmoset monkeys (Callithrix jacchus) aged

postnatal day (PD) 14 were used in this study. Three animals

designated for immunohistochemical analysis of the brain, were

humanely killed with an overdose of pentobarbitone sodium

(100 mg/kg; intraperitoneal injection) and the tissue was fixed by

transcardial perfusion of PBS supplemented with heparin, followed

by 4% paraformaldehyde.

For in vitro analyses, ablated V1 tissue was obtained from twelve

animals that were used as part of a separate study.

Isolation of primary visual cortex (V1) and neurosphere
culture

V1 tissue was isolated from the left hemisphere of anesthetized

PD14 marmoset monkeys (n = 12) by surgical excision in the

coronal plane approximately at the level of Bregma -13.10 mm

[24], as previously described [25]. Briefly, the animals were

initially anesthetized with intramuscular injections (IM) of Alfaxan

(12 mg/kg) and diazepam (3.0 mg/kg). After 15 minutes they

were given antibiotic (procaine penicillin 25 mg/kg, IM) and the

anesthesia was maintained with isoflurane (1–2% in 0.5 L/min

oxygen). The plane of anesthesia was monitored throughout the

procedure via pedal and corneal reflexes. The animal was placed

on a thermostatically controlled heating pad to maintain core body

temperature at 38uC, and blood oxygen level, heart rate, and

temperature were monitored continuously throughout the exper-

iment. After the procedure was completed, a topical local

anesthetic gel (xylocaine 5% cream) was applied to the incision

site to minimize discomfort in the period immediately after

surgery. Post-operative analgesia (Temgesic 0.01 mg/kg; IM) was

administered as required. As soon as the animal was alert and

capable of supporting itself, it was returned to the family group

and monitored on an hourly basis for over 8 hours. The animal

was then monitored weekly for growth and normal development.

The resected tissue constituted most of V1 including the outer

operculum and the inner calcarine, measuring approximately

86664 mm in size (Fig. 1B, C). The tissue was rinsed in ice-cold

MEM (Gibco), the meninges were removed and the tissue was

processed to a single cell suspension as described previously for

mouse SVZ tissue [26]. In one experiment in which both the left

and right V1 were excised from a PD14 marmoset, isolated V1

tissue was further microdissected to isolate operculum V1 by

removing the underlying white matter and calcarine V1. Cells

were resuspended in Neurocult NS-A proliferation medium

(StemCell Technologies), viability was assessed by trypan blue

exclusion and cells were seeded at 500cells/well into low

attachment 96 well plates (Corning) in proliferation medium

alone or with recombinant human FGF-2 (10 ng/mL; BD

Biosciences) and/or recombinant human EGF (20 ng/mL;

Peprotech). Growth factors were supplemented every 4 days.

Passaging. Every 28 days, neurospheres were harvested by

centrifugation and a single cell suspension was prepared as

previously described [26]. Cells were resuspended in 1 mL

proliferation medium containing the appropriate growth factors

and seeded at a density of 4.86104 cells/dish in 60 mm ultralow

attachment culture dishes (Corning). Growth factors were

supplemented every 4 days.

Differentiation assay. Single cell suspensions of dissociated

neurospheres were plated onto poly-ornithine/laminin coated

coverslips in a 24 well plate, as described previously [26]. Fifty

microliters of each 1 mL cell suspension was seeded into the centre

of each coverslip and incubated for 30 minutes to allow for cell

attachment before addition of 500 mL of Neurocult NS-A

differentiation medium (StemCell Technologies) containing 1%

fetal calf serum (Invitrogen). Half of the medium was replaced

every 4 days and the cultures were fixed with 4% PFA after 15

days in vitro (DIV).

Bromodeoxyuridine (BrdU) pulse. BrdU (0.2 mM) was

added to the culture medium for 8 hours then cells were fixed in

4% PFA for 30 minutes at room temperature (RT). Neurospheres

were rinsed, resuspended in OCT (TissueTek) and small blocks

frozen down at 220uC. Sections of OCT-embedded neurospheres

(12 mm thick) were collected on Superfrost Plus slides.

Immunolabelling
Samples were blocked with 4% normal goat serum (NGS)/0.3%

Triton X-100 in PBS for 30 minutes. Triton X-100 was omitted

for O4 staining. For neurospheres (slide-mounted or grown on

coverslips), primary antibodies were applied for 2 hours at RT.

For free-floating cryosections of fixed marmoset brains (40 mm

thick, parasagittal plane), primary antibodies were incubated at

4uC overnight. For BrdU immunolabelling, sections were

incubated with 2 M HCl at 37uC for 15 minutes, washed in

0.1 M borate buffer (pH 8.5) and incubated with rat anti-BrdU

antibody for 2 hours at RT. Primary antibodies were visualized

using AlexaFluor-488 or 594-conjugated secondary antibodies

(Invitrogen) incubated for 30 minutes in blocking solution. Nuclei

were counterstained with Hoechst 33328 (Molecular Probes) then

samples were slide-mounted and coversliped with mounting

medium (Dako). NNF immunohistochemistry was performed as

previously described [19].

Neural Progenitor Cells in Marmoset Visual Cortex
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Primary antibodies were as follows: mouse anti-MAP2 (1:5000,

Sigma), mouse anti-human nestin (1:200, Millipore), mouse anti-

nonphosphorylated neurofilament (1:1,000, Covance), mouse anti-

O4 (1:25, DSHB), mouse anti-Sox2 (1:25, R&D Systems), mouse

anti-PCNA (1:1000, Abcam), rabbit anti-Ki67 (1:500, Dako),

mouse and rabbit anti-GFAP (1:1000, Millipore), rabbit anti-NG2

(1:200, Millipore), rabbit anti-Tbr2 (1:500, Millipore), goat anti-

doublecortin (DCX, 1:100, Santa Cruz), rat anti-BrdU (1:20, AbD

Serotec).

Microscopy, image analysis and statistics
Samples were examined using a Zeiss Imager Z1 microscope

fitted with the Apotome system allowing 3D analysis of sections.

Images were captured using an Axiocam HRm digital camera

with Axiovision 4.7.1 software (Zeiss). AdobePhotoshop CS3

10.0.1 was used for image adjustment and statistical analysis was

performed using GraphPad Prism 5.0b for Macintosh.

Results

We investigated the existence of multipotent NPCs residing

within V1 of the marmoset monkey at PD14. We have previously

demonstrated that neuronal maturation within V1 precedes that of

other visuocortical areas at early postnatal ages [19]. We

confirmed that at PD14, the maturation marker NNF was strongly

expressed in layers 3 and 6 of V1 and was absent from adjacent V2

(Fig. 1A). Figure 1A also serves to illustrate the significant distance

(.6.5 mm) separating V1 from the hippocampus and lateral

ventricles, the two known neurogenic niches in the postnatal brain.

The schematic (Fig. 1B) illustrates the anatomical level equivalent

to Bregma -13.10 mm in the adult brain [24] at which surgical

resection of V1 tissue was performed (Fig. 1B, vertical dashed

line). Notably the most caudal limit of the lateral ventricle (Fig. 1B,

gray shaded region) is observed at approximately Bregma -

6.26 mm in the adult, thus excised V1 tissue contains no lateral

ventricle that could potentially harbour resident NPCs. An

example of resected V1 tissue is illustrated in Figure 1C.

Proliferative neural progenitors are present in V1
neocortex at PD14

To identify candidate NPCs in PD14 V1, we examined the

expression of Tbr2, doublecortin (DCX), Sox2, NG2 and Ki67 in

this region. The expression of the transcription factor Tbr2, highly

expressed in the SVZ (Fig. 2C) and the hippocampus, was not

detected in V1 (Fig. 2B), suggesting the absence of SVZ-derived

intermediate progenitors in the V1 at PD14. Two distinct

populations of DCX+ cells were identified (Fig. 2D). Multipolar

DCX+ cells were located at the interface between layers 1 and 2

that extended processes into layers 1 and 3 (Fig. 2E, arrow). A

separate population of DCX+ cells with radial morphology were

located in the white matter that extended long processes into layer

6 (Fig. 2F, arrowheads). Since no DCX+ cells co-expressed the

proliferation marker Ki67, we conclude that all DCX+ cells in V1

are postmitotic at PD14. Cells expressing Sox2, a transcription

factor previously demonstrated to be required for the maintenance

of NSCs in the rodent [27], were distributed homogenously

throughout all cortical layers including the white matter, except for

acellular layer 1 (Fig. 2G). A subpopulation of Sox2+ cells co-

expressed Ki67+, defining a candidate population of proliferative

progenitors in vivo, however not all Ki67+ cells were Sox2+

(Fig. 2H). Sox2+ cells were predominantly defined by co-

expression of either NG2 proteoglycan or GFAP. Sox2+/NG2+

clusters of oligodendrocyte progenitor cells were distributed in the

white matter and the cortical layers (Fig. 2I, J). A subset of cells

expressing NG2 were proliferative, as revealed by co-expression of

PCNA (Fig. 2K). The astrocytic marker GFAP was extensively

expressed across all the cortical layers (Fig. 2L) and highly co-

localised with Sox2 (Fig. 2M). A small fraction of the GFAP+

astrocytes remained mitotic at that stage as revealed by co-

expression of Ki67, but not all Ki67+ cells expressed GFAP

(Fig. 2N).

Figure 1. The neuronal maturation marker NNF is expressed by
neurons in marmoset monkey V1 at PD14. A, Parasagittal section
reveals intense expression in layers 3 and 6 of V1, and the absence of
labeling in adjacent area V2. B, Schematic representation of the
marmoset neocortex illustrating posterior visual areas. The vertical
dashed line illustrates the plane of surgical excision used to isolate V1
tissue. The lateral ventricle is delineated by the gray shaded region
based upon our own observations and the analyses of other groups
[24,39]. C, Representative piece of resected V1 tissue subsequently
processed for cell culture. Calcarine (Ca), calcarine fissure (CaF),
hippocampus (Hip), lateral (L), lateral ventricle (LV), medial (M),
operculum (Op), primary visual cortex (V1), secondary visual area (V2),
white matter (WM). Scale bar = 2000 mm (A), 1000 mm (C).
doi:10.1371/journal.pone.0034383.g001

Neural Progenitor Cells in Marmoset Visual Cortex
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V1 contains multipotent EGF and FGF-2-responsive
neurosphere-forming cells

To assess whether postnatal V1 contains NPCs capable of

generating neurospheres following growth factor stimulation,

acutely isolated V1 cells were cultured in proliferation medium

alone or in the presence of FGF-2 and/or EGF (n = 11

independent tissue isolates per condition) (Fig. 3A). Whereas no

neurospheres formed without growth factors, exposure to FGF-2

or EGF induced the formation of 23.3460.16 and 22.360.3

neurospheres/well, respectively. Compared to FGF-2 or EGF

alone, co-stimulation with FGF-2+EGF significantly increased

neurosphere generation to 29.1560.2 neurospheres/well

(P,0.009 and P,0.03, respectively, Mann-Whitney U test).

Although the frequency of neurosphere formation was equiv-

alent for both EGF and FGF-2 alone, EGF-generated neuro-

spheres were markedly smaller than FGF-2 or FGF-2+EGF-

generated neurospheres (n = 6 independent isolates per condition)

(Fig. 3B). Whereas 10% of FGF-2 or FGF-2+EGF-generated

neurospheres were greater than 200 mm in diameter, fewer than

1% of EGF-generated neurospheres reached this size indicating

reduced NPC proliferation with EGF alone.

To establish whether neurosphere-forming cells are localized

specifically within operculum V1, in an additional experiment

excised V1 tissue was further microdissected following surgical

excision to remove the underlying white matter and calcarine V1

(n = 2 independent isolates). Single cell suspensions were assayed

using the neurosphere assay in the presence of FGF-2 and EGF.

Clonogenic frequency for isolated operculum V1 neocortex was

24.1162.1 neurospheres/well closely reflecting the results ob-

tained for V1 tissue comprising operculum and calcarine V1 and

juxtaposing white matter. We also noted that the size of the

neurospheres was comparable to FGF-2/EGF-generated neuro-

spheres derived from non-microdissected V1. These results

Figure 2. DCX, Sox2, Ki67, NG2 and GFAP are expressed in V1 at PD14. Hoechst staining demarcates cortical layers (A). Tbr2 was not
expressed in V1 but expressed in the SVZ (C, LV:lateral ventricle). DCX+ cell bodies (D, *blood vessels) were located at the limit between layers 1 and 2
(E, arrow), and in white matter (F, arrow). DCX+ cells in the white matter extended long radial processes towards the outer layers (F; arrowheads).
Sox2+ cells (G) were distributed across all cortical layers and white matter, of which a subset co-expressed Ki67 (H, z = z stack). NG2+ cells distributed
in the white matter and the cortical layers co-expressed Sox2 (I, J) and the proliferation marker PCNA (K). The majority of Sox2+ cells co-expressed
GFAP (L, M), a subset of astrocytes expressed Ki67 (N, *blood cell) however most of the Ki67+ cells were GFAP2 (L, arrowhead). Scale bar = 100 mm (A,
B, C, D, G, I, L), 50 mm (E, F), 20 mm (H, J, K, M, N).
doi:10.1371/journal.pone.0034383.g002
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demonstrate that neurosphere-forming NPCs reside within the 6

cortical layers of operculm V1 and are not restricted to the

juxtaposing white matter and/or calcarine V1.

To characterize the identity of cells within FGF-2+EGF-

generated neurospheres derived from excised V1 tissue, cultures

were pulsed with BrdU for 8 hours prior to neurosphere fixation

and sectioning. Immunocytochemistry revealed that all Hoescht-

labelled nuclei within neurospheres were Sox2+ and a subpopu-

lation were also BrdU+ indicating the presence of mitotic NPCs

(Fig. 3C, arrows). Nestin was also strongly expressed in a

filamentous pattern throughout BrdU-incorporating neurospheres

(Fig. 3D) enabling us to conclude that FGF-2+EGF-generated

neurospheres comprised of predominantly undifferentiated NPCs.

To assess the intrinsic differentiation potential of V1 NPCs, we

cultured dissociated primary neurospheres under differentiating

conditions for 15 DIV. Immunocytochemical analysis revealed the

presence of MAP2+ neurons (Fig. 3E), O4+ oligodendrocytes

(Fig. 3F) and large numbers of GFAP+ astrocytes (Fig. 3H),

thereby confirming the multipotentiality of NPC cultures (n = 3

independent cultures per condition). Commitment to an oligo-

dendrocyte fate was growth factor-dependent with 2.0360.73% of

FGF-2-generated, 2.360.57% of FGF-2+EGF-generated and just

0.01% of EGF-generated neurosphere cells giving rise to O4+

oligodendrocytes. The generation of neurons was not growth

factor dependent with 0.3160.2% of FGF-2-generated,

Figure 3. EGF and/or FGF-2 stimulate the formation of multipotent neurospheres from dissociated V1 tissue. Plot of primary
neurospheres counted in each well of a 96 well plate after 15 DIV. Acutely isolated cells seeded at 500 cells/well (n = 11 independent isolates per
condition) (A). Plot of mean primary neurosphere diameter (n = 6 independent isolates per condition) (B). After 15 DIV, neurospheres were pulsed
with BrdU for 8 hours prior to fixation. BrdU+ cells found within the neurospheres (C, D, red) were double-labelled with Sox2 (C, arrowheads), and
expressed Nestin (D). Differentiation of dissociated primary neurospheres for 15 DIV generated MAP2+ neurons (E), O4+ oligodendrocytes (F) and
GFAP+ astrocytes (G). Percentages of MAP2+ neurons and O4+ oligodendrocytes compared to total differentiated cells (H). Data represent mean 6
SEM (*** P,0.0001; **P,0.009, *P,0.03; Mann-Wittney U test A,B; Kruskal-Wallis test, H).
doi:10.1371/journal.pone.0034383.g003
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0.160.05% of EGF-generated and 0.160.01% of FGF-2+EGF-

generated neurosphere cells differentiating into MAP2+ neurons.

V1 NPCs are self-renewing, clonal and multipotent over
several passages

Next we assessed the self-renewal and proliferative properties of

V1 NPCs to establish whether they exhibited properties of a long-

term self-renewing NPC population. Primary neurospheres were

dissociated into single cells and seeded at equal density (4.86104

cells per 60 mm dish) in the same growth factor conditions used

for their initial derivation. Although secondary neurospheres were

observed within 7 DIV for all growth factor conditions, slow

growth delayed neurosphere passaging until 28 DIV. Neuro-

spheres were passaged serially in this manner every 28 days for up

to 6 passages. To assess the extent of cell proliferation at each

passage, we plotted the number of cells harvested from each dish

over time (Fig. 4A). At passage 1, we obtained 50.1368.86104

cells (in FGF-2), 36.768.46104 (in EGF) and 71.8615.16104 (in

FGF-2+EGF) cells, representing an increase in total cell popula-

tion of 10.4-fold in FGF-2, 7.6-fold in EGF and 15-fold in FGF-

2+EGF. These data reflected both the increased clonogenic

frequency of V1 cells cultured with FGF-2+EGF and reduced size

of neurospheres cultured in EGF alone (Fig. 3A,B). By passage 2,

population expansion was reduced to 4.7-fold in FGF-2, 3.3-fold

in EGF and 6.0-fold in FGF-2+EGF. The reduced population

expansion persisted with subsequent passages resulting in a

gradual decline in total cells and failure to generate neurospheres

beyond passage 6.

To confirm that neurospheres generated under these conditions

formed through clonal expansion of single cells rather than via re-

aggregation of dissociated cells, we performed serial dilution clonal

analysis using FGF-2+EGF-generated neurospheres. At each

passage, cells were cultured by serial dilution ranging from 1000

to 62.5 cells/cm2 and the number of neurospheres/well was

counted after 15 DIV. Although clonogenicity was not influenced

by seeding density, demonstrating the clonal origin of neuro-

spheres (data not shown), clonogenicity decreased markedly with

each passage, decreasing 10-fold from passage 1 to 2 (Fig. 4B)

which accounts for the reduced cell yields observed in Fig. 4A.

Concomitant with reduced clonogenicity over successive passages,

assessment of neurosphere multipotency revealed that the capacity

to generate MAP2+ neurons (Fig. 4C) and O4+ oligodendrocytes

(Fig. 4D) was retained for the first 3 passages, beyond which only

GFAP+ astrocytes were identified (Fig. 4E).

Discussion

We describe for the first time an in vitro method to identify

multipotent FGF-2- and EGF-responsive NPCs residing within V1

neocortex of the postnatal nonhuman primate. Neurospheres

expressed neural progenitor markers Sox2 and nestin, were

mitotically active as demonstrated by Ki67 expression and BrdU

incorporation, and exhibited limited self-renewal for up to 6

passages. Under differentiating conditions, neurospheres generat-

ed neurons, oligodendrocytes and astrocytes up to passage 3 after

which only astrocytes were identified. Declining clonogenicity with

successive passaging was indicative of reduced self-renewing cell

divisions that resulted in an ever-decreasing rate of population

Figure 4. V1 derived neurospheres were maintained for at least 6 passages and remained multipotent from passage 0 to 3. Plot of
cell yield at each passage based on a seeding density of 4.86104 cells per dish (n = 10 independent isolates per condition) (A). Clonogenicity assays of
FGF-2+EGF-generated neurospheres at passages 1–4 (1,000 cell/cm2 seeding density) (B). At passage 3, neurospheres gave rise to MAP2+ neurons (C),
O4+ oligodendrocytes (D) and GFAP+ astrocytes (E) after 15 DIV. Data represent mean 6 SEM. Scale bar = 50 mm.
doi:10.1371/journal.pone.0034383.g004
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expansion. Consequently, most cultures could not be maintained

beyond passage 6. Collectively our data suggest that a population

of NPCs are retained within the postnatal V1 which exhibit

limited self-renewal and multipotential differentiation in vitro. The

decay observed after an initial phase of intense proliferation could

be the consequence of asymmetrical or terminal symmetrical

divisions of the NPCs that give rise to one or two quiescent

progenitors respectively, depleting the population at each cycle.

Origin of V1 neurosphere-forming cells
Immunohistochemical analyses identified heterogenous cell

populations within V1 that could potentially represent the in vivo

neurosphere-forming cell population. NG2+ progenitors and

GFAP+ astrocytes expressing the Sox2 transcription factor were

distributed homogeneously throughout all cortical layers and white

matter. Sox2 expression is sustained in neurogenic regions of the

embryonic and adult CNS [28] and is sufficient to maintain cells in

a neural progenitor state [29]. A subpopulation of Sox2+ cells in

V1 co-expressed the proliferation marker Ki67 and subsets of both

GFAP+ cells and NG2+ glia expressed Ki67 suggesting that these

cell populations are proliferative in vivo and could plausibly be

responsive to EGF and/or FGF-2 in vitro. This hypothesis is

supported by previous reports demonstrating that NG2 also labels

a population of multipotent NPCs in the postnatal CNS [30], and

NSCs in the adult SVZ express GFAP [31] and GFAP+ cells

isolated from the injured neocortex generate multipotent neuro-

spheres in vitro [16].

We have identified two anatomically distinct populations of

DCX+ cells. DCX is expressed by rapidly dividing neuroblasts

located in adult neurogenic compartments and is downregulated

upon neuronal maturation [32]. A population of DCX+ cells that

divides into quiescent precursors has recently been reported in the

non-human primate [33]. By contrast we did not identify any

DCX+ cells that co-expressed Ki67 suggesting that DCX+ cells V1

are predominantly quiescent in vivo although we cannot exclude

the possibility that they re-enter the cell cycle in vitro. The absence

of cells expressing Tbr2+, a marker of intermediate neuronal

progenitors in the rodent and marmoset SVZ [34,35], is consistent

with the view that SVZ-derived intermediate neuronal progenitors

are not present in V1 at PD14. It should be noted that we have not

qualified all subpopulations of SVZ progenitors in PD14

marmoset tissue. For instance, in addition to NG2, transit

amplifying progenitors (Type C cells) that give rise to neuroblasts

(type A cells) in the postnatal rodent SVZ also express Dlx2 and

Mash1/Ascl1, markers that are commonly used to identify these

progenitor cells in vivo [36–38]. Although we have not directly

assessed expression of Dlx2 and Mash1/Ascl1 in postnatal

marmoset V1, excised V1 tissue is not expected to contain any

contaminating SVZ tissue. The most caudal aspect of the lateral

ventricles defined by histological analysis [24] and T2-weighted

magnetic resonance imaging (MRI) [39], is at least 6.5 mm

anterior to the point of V1 excision. Thus even though the entire

rostrocaudal extent of the mouse SVZ is capable of generating

neurons in vivo [40], excised V1 is several millimetres away from

the most caudal aspect of this germinal zone.

Definitive experiments to unambiguously identify the neuro-

sphere-forming cell population in V1 will require the development

of approaches to selectively label all putative neurosphere-forming

populations, including but not limited to Sox2+, Ng2+, GFAP+ and

DCX+. Notably, a number of distinct cell populations have been

demonstrated to exhibit the capacity to generate multipotent

neurospheres in vitro. For instance, adult rat spinal cord meningeal

cells can generate neurospheres when cultured in the presence of

FGF-2 but produce few astrocytes upon mitogen withdrawal [41].

V1-derived neurosphere-froming cells are unlikely to derive from

the meninges since this structure was carefully removed from

excised marmoset V1 tissue prior to culture and the neurospheres

derived exhibited robust astroglial differentiation. Another study

reported the generation of multipotent neurospheres from NG2-

positive pericytes isolated from the adult rat brain [42], a

specialised mesenchymal cell, and putative source of mesenchymal

stem cells [43]. Although pericyte-derived neurospheres express

neuronal, oligodendroglial and astroglial markers after differenti-

ation, most cells co-express antigens for at least two of these three

distinct lineages and exhibit cell morphologies indicative of

intermediate differentiation [42]. At present such an approach is

challenging due to the limited availability of suitable cell surface

markers or reporters of promoter activity in the marmoset

neocortex.

Characteristics of V1 NPCs and role of the growth factors
Our results reveal distinct roles for EGF and FGF-2 upon V1

NPCs in vitro. Both factors promoted the formation of neuro-

spheres, however EGF-generated neurospheres were consistently

smaller and generated significantly fewer oligodendrocytes. These

results suggest that both EGF and FGF-2 are mitogens for

neurosphere-forming cells, but FGF-2 potentiates NPC prolifer-

ation and the generation of oligodendrocyte progenitor cells.

Consistent with previous studies in the rodent [44], the V1-derived

NPCs were principally generated astrocytes. Despite the increased

yield of FGF-2/EGF- over FGF-2-generated neurosphere cells, the

total projected number of neurons that would be generated were

the entire population of primary neurosphere cells subjected to in

vitro differentiation remains higher for FGF-2-generated neuro-

sphere cells. Thus we speculate that the combinatorial use of FGF-

2 and EGF promotes increased survival of NPCs over FGF-2

alone but that FGF-2 remains the primary driver of differentiated

cell fate in vitro.

In vivo function of FGF-2/EGF-responsive neurosphere-
forming cells

Several studies suggest that classically non-neurogenic regions of

the brain including the neocortex exhibit latent neurogenic

potential that is repressed under normal physiological conditions

[15,16]. While the evidence for postnatal neurogenesis in the

nonpathological neocortex remains contested [1,3,11], a body of

evidence is emerging that neurogenesis can occur after injury in

the nonhuman primate [45]. The EGF/FGF-2-responsive NPCs

that we have identified in V1 define a population of resident

multipotent neocortical NPCs that could plausibly participate in

low-level neurogenesis under normal physiological conditions

and/or participate in local regenerative responses following injury.

Alternatively, neurogenesis could occur to a greater extent than

initially appreciated but the neurons could fail to survive long term

[46,47]. These data have two important implications: first, NPC

migration from the SVZ is not essential for neocortical

neurogenesis, an issue that becomes increasingly significant in

the human where distances between the classical neurogenic

niches and the neocortex are far greater; second, strategies that

activate resident neocortical NPCs in situ could be employed to

potentiate an endogenous response to injury.

Marmoset monkey as a model organism for studying
postnatal neurogenesis

We demonstrate the increasing utility of the marmoset monkey

as a powerful nonhuman primate model for the assessment of

postnatal neurogenesis and its suitability for both in vivo and in vitro
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analysis. The SVZ of the marmoset has recently been demon-

strated to exhibit close similarity to the human SVZ [39].

Moreover, this species offers several advantages over other

nonhuman primates including their small size (,500 g), a

lissencephalic neocortex which undergoes isotropic growth and

their utility for functional and anatomical studies of brain

development, activity and repair [21,22,25,48]. We propose that

specific studies employing the marmoset model following neocor-

tical injury will provide an excellent model for translational

research strategies targeting endogenous NPCs to promote neural

repair in man.
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