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Nestin knockout leads to embryonic lethality and self-

renewal deficiency in neural stem cells (NSCs). However,

how nestin maintains self-renewal remains uncertain.

Here, we used the dosage effect of nestin in heterozygous

mice (Nes + / – ) to study self-renewal of NSCs. With

existing extracellular signaling in vivo or in vitro, nestin

levels do not affect proliferation ability or apoptosis when

compared between Nes + / – and Nes + / + NSCs.

However, self-renewal ability of Nes + / – NSCs is impaired

when plated at a low cell density and completely lost at

a clonal density. This deficiency in self-renewal at a clonal

density is rescued using a medium conditioned by

Nes + / + NSCs. In addition, the Akt signaling pathway

is altered at low density and reversed by conditioned

medium. Our data show that secreted factors contribute

toward maintaining self-renewal of NSCs by

nestin, potentially through Akt signaling. NeuroReport

25:782–787 �c 2014 Wolters Kluwer Health | Lippincott

Williams & Wilkins.
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Introduction
Self-renewal is a fundamental property of neural stem

cells (NSCs), the most primitive cells in the central

nervous system. Recently, we reported that nestin is

required for the self-renewal of NSCs [1], but how nestin

maintains self-renewal is still under investigation. After

nestin knockout, self-renewal ability is reduced and

apoptosis is increased, indicating a cytoprotective func-

tion of nestin [1]. This cytoprotective effect also occurs

in other cell types, such as podocytes [2] and vascular

smooth muscle cells [3]. This suggests that intrinsic

regulators that are responsible for proliferation and

apoptosis, being controlled by or coordinating with nestin,

maintain the process of self-renewal. NSCs have partial

self-renewal ability with nestin deficiency under mono-

layer condition, and cannot self-renew in a single-cell

state [1]. This implies that self-renewal of NSCs requires

extrinsic signaling, either cell–cell interaction or secreted

factors. Extracellular factors have been shown to be

important in inducing embryonic stem cells into NSCs

[4]. Taken together, we hypothesize that extracellular

factors secreted from NSCs as an extrinsic signaling

participate in maintaining self-renewal along with in-

trinsic signaling by nestin.

Homozygous Nes – / – mice have few NSCs and a higher

level of apoptosis, which makes it difficult to use Nes – / –
mice as a model in descriptive analyses of nestin function.

For this reason, Nes + / – mice, whose nestin expression is

decreased when compared with wild-type levels, provide

a critical system for refining the details of the role of

nestin [1]. To test the hypothesis, we used Nes + / – mice

to evaluate the dosage effect of nestin on apoptosis and

proliferation of both Nes + / – and Nes + / + NSCs in the

neural tube and neurosphere cultures. No difference was

detected between the two genotypes. Further, we

reduced the cell density to test the dependence of

NSC self-renewal on extracellular factors, and found that

the self-renewal ability of Nes + / – NSCs is heavily

dependent on cell density and lost when plated at clonal

density. Finally, we showed that this deficiency in self-

renewal at clonal density could be rescued by using a

medium conditioned by Nes + / + NSCs, which correlates

with alteration of the Akt signaling pathway at clonal

density that is reversed by conditioned medium (CM).

Materials and methods

Animal

All experimental procedures involving animals were approved

by the Animal Ethics Committee of Sun Yat-sen University.

Nes + / – mice were maintained and crossed at Sun-Yan Sen

University using standard procedures (Cyagen Biosciences,

Guangzhou, China, http://www.cyagen.com/en) as described

previously [1].

Cell culture and preparation of CM

NSC cultures were derived and maintained according to

established protocols [5]. Mouse embryos were removed

at embryonic day 11.5–12. The neural tube was

mechanically dissected and dissociated to yield suspen-

sions of single cells, which were cultured in DMED/F-12
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medium (catalog numbers: 11320033; Invitrogen, Grand

Island, New York, USA) supplemented with bFGF

(20 ng/ml, catalog numbers: 450-33; Peprotech, Rocky

Hill, New Jersey, USA) and EGF (20 ng/ml, catalog

numbers: 315-09; Peprotech). During each passage, cells

were cultured at a cell density of 5� 105 cells/ml. When

the Nes + / + NSCs were cultured for 2 days, the

medium was then replaced with fresh medium and

incubated for 1 day. The culture medium was collected,

centrifuged at 2000g for 10 min, and the supernatant was

used as CM after being filtered.

Immunostaining

Embryos and neurospheres were collected and fixed with

4% paraformaldehyde. Ten micrometer sections were

obtained for staining. Tissue sections or cell cultures were

incubated with the following primary antibodies: rabbit

pAb against Ki67 (1 : 200; catalog numbers: ab15580;

Abcam, Cambridge, Massachusetts, USA), mouse mAb

against Sox2 (1 : 125; catalog numbers: MAB2018; R&D

Systems, Minneapolis, Minnesota, USA), and rabbit pAb

against active caspase-3 (aCASP3; upstate, 1 : 200; catalog

numbers: AB3623). Staining with primary antibodies was

followed by incubation with FITC-conjugated secondary

antibodies (1 : 1000; catalog numbers: 115-096-003; Jackson

ImmunoResearch, West Grove, Pennsylvania, USA) and

Cy3-conjugated secondary antibodies (1 : 1000; catalog

numbers: 111-166-003; Jackson ImmunoResearch). Nuclei

were counterstained with DAPI (catalog numbers: D9564;

Sigma, St. Louis, Missouri, USA). SOX2-, Ki67-, SOX2-

Ki67 double, and DAPI staining-positive cells were counted

using ImageJ.v1.38 software (NIH, Bethesda, Maryland,

USA) [1], and the percentage of SOX2-positive and Ki67-

positive cells in sections and SOX2-Ki67 double-positive

cells in SOX2-positive cells were calculated. More than five

frozen sections were analyzed per embryo, with two

embryos analyzed and averaged for each genotype.

Quantification of aCASP3 and SOX2 staining in sections

was performed in the same manner.

Dissociation and perpetuation of NSCs for density and

clonal analyses

To examine the effect of different cell densities on self-

renewal of Nes + / – NSCs, cells from passage 1 in flasks

were removed, centrifuged at 400 rpm, and resuspended

in 2 ml of medium. The spheres were mechanically

dissociated into single cells, an aliquot was counted, and

were plated respectively at a density of 10, 100, or

500 cells/200 ml/well in 96-well plates. Neurospheres

formed in wells were gently dissociated into single cells

mechanically and these cells were transferred serially into

24-well, 12-well, and six-well plates and 25 mm2 flasks to

yield a cell density of 1–5� 105 cells/ml. The percentage

of wells that could proliferate to 1–2� 106 was calculated.

The self-renewal ability of NSCs was examined by clonal

analysis. Single dissociated cells from passage 1 neurospheres

were plated in 96-well plates at one cell/200ml/well. All wells

were visually inspected under the microscope to identify

wells that contained only one cell. The neurosphere-forming

rate was calculated as the percentage of the one-celled wells

that produced neurospheres in 7 days.

Immunoblot

Cells were dissociated and cultured at a density of

2.5� 104 cells/100 mm dish including 10 ml culture medium

for 24 h. Cells were collected from 15 dishes and lysed in

RIPA buffer (20 mmol/l HEPES, pH 7.4, 140 mmol/l NaCl,

10 mmol/l pyrophosphate, 5 mmol/l EDTA, 0.4%

NP-40, 100 mmol/l PMSF, and protease inhibitor cocktail)

for 30 min on ice and centrifuged at 14 000 rpm for 15 min.

Nestin was separated with 8% SDS-polyacrylamide gels

(SDS-PAGE) and other proteins were separated by 10%

SDS-PAGE. The primary antibodies used are mouse mAb

against nestin (1 : 1000; catalog numbers: MAB353;

Millipore, Billerica, Massachusetts, USA), rabbit pAb against

phospho-Akt (1 : 1000; catalog numbers: 9271; Cell Signaling

Technology, Danvers, Massachusetts, USA), rabbit pAb

against Akt (polyclonal, 1 : 1000; catalog numbers: 9272;

Cell Signaling Technology), mouse mAb against aCASP3

(upstate, 1 : 200 dilution; catalog numbers: AB3623), mouse

mAb against PCNA (1 : 2000; catalog numbers: 2586; Cell

Signaling Technology), and rabbit pAb against b-actin

(1 : 1000; catalog numbers: 4967; Cell Signaling Technology).

Secondary antibodies are peroxidase-conjugated goat anti-

mouse and goat anti-rabbit IgG (1 : 10000; catalog numbers:

170-6515/6516; Bio-Rad, Hercules, California, USA). Che-

miluminescent detection was performed using the ECL kit

(catalog numbers: 32106; Pierce, Appleton, Wisconsin, USA).

Statistical analysis

Data were obtained from at least three independent

experiments. Statistical analysis was carried out using

Student’s t-test. P value less than 0.05 was considered to

be statistically significant. All data are shown as the

mean±SD.

Results

Cell proliferation and apoptosis are the same between

Nes + / – and Nes + / + NSCs

To confirm whether nestin expression exerts a dosage

effect, we quantified the intensity level of immunoblot

from both Nes + / + and + / – embryos. Figure 1a shows

that the level of nestin expression in Nes + / – was half

that of Nes + / + . To determine the dosage effects of

nestin on proliferation and apoptosis, Sox2 (a marker for

NSC), Ki67 (marker for proliferating cells), and aCASP3

(an apoptosis marker) were immunostained in the

neural tube between Nes + / + and Nes + / – embryos

(Fig. 1b–e). Quantification analysis showed no difference

in both cell proliferation and apoptosis of NSCs in the

neural tube (Fig. 1f and g; P > 0.1) between two

genotypes. These data suggest that partial deficiency of
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nestin does not affect cell proliferation or apoptosis

in vivo. However, in-vitro culture indicated that Nes – / –
NSCs could expand only for two passages with high levels

of apoptosis (data not shown). To test whether Nes + / –

NSCs have the same deficiency in proliferation and high

apoptosis as Nes – / – NSCs do in vitro, we immunostained

Ki67 and aCASP3 at passage 2. Results showed that

Nes + / – NSCs had similar percentages of Ki67-positive

Fig. 1
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Nestin reduction has little effect on neural stem cell proliferation and apoptosis in vivo and in vitro (high cell density). (a) Nestin expression in E11.5
Nes + / + and Nes + / – embryos. (b, c) Neural tube sections from E11.5 Nes + / + and Nes + / – embryos were immunostained for Sox2 (a marker
for stem cell) and Ki67 (a marker for proliferation). (d, e) Neural tube sections from E11.5 Nes + / + and Nes + / – embryos were immunostained for
Sox2 and active caspase-3 (aCASP3; a marker for apoptosis). Scale bar = 200mm. (f, g) The percentage of Sox2 + cells that were Ki67 + (f) or
aCASP3 + (g) among Nes + / + and Nes + / – embryos was compared. (h) Quantification of Ki67-positive and aCASP3-positive cells from staining
Nes + / + and Nes + / – neurospheres at passages 2. Results represent mean±SD of n = 3 for each genotype; P > 0.1 by Student’s t-test. Results
represent mean±SD of n = 3 for each genotype; P > 0.1 by Student’s t-test.
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and aCASP3-positive cells with Nes + / + NSCs (Fig. 1h).

In contrast to two passages of Nes – / – NSCs, Nes + / –
NSCs could expand for more than eight passages in the

neurosphere culture at a density of 5� 105 cells/ml. Our

data showed that decreasing the expression of nestin by

half had little effect on proliferation ability and apoptosis

at a high cell density.

The self-renewal ability of Nes + / – NSCs depends on

the cell density and is lost at clonal density

To test whether extrinsic factors, such as cell–cell contact

or/and secreted factors, are required for Nes + / – NSC

growth, we next examined the effect of seeding densities

on self-renewal. When plated at a high density of 500 cells/

well, both Nes + / – and Nes + / + NSCs could proliferate to

1–2� 106 cells, although Nes + / – NSCs took longer

(37.3±3.1 vs. 25.3±2.5 days, P < 0.05). Proliferation of

Nes + / – NSCs decreased markedly to 7.7±5.1% at a

density of 100 cells/well when compared with Nes + / –
NSCs (100%). When the cell density was decreased to

10 cells/well, Nes + / – NSCs lost self-renewal capability

(0%) whereas Nes + / + NSCs could self-renew, as

indicated in 74.3±3.2% wells with 1–2� 106 cells

(**P < 0.01). Finally, we used clonal analysis to test NSC

self-renewal ability [6,7]. The neurosphere-forming rate

was 25.0±5.7% for Nes + / + cells 7 days after plating. In

contrast, no wells of Nes + / – cells formed neurospheres.

These results show that self-renewal ability depends on

cell density and is lost at clonal density, suggesting an

involvement of cell–cell contact or/and secreted factors in

the self-renewal of NSCs by nestin.

CM rescues the self-renewal defect of Nes + / – NSCs at

clonal density

To provide more evidence that extracellular factors are

involved in the self-renewal of NSCs, we cultured single

Nes + / – NSCs in 96-well plates with CM. On the seventh

day, single Nes + / – cells formed neurospheres and the

neurosphere-forming rate increased to 16.9±5.3% with CM

from 0% without CM (Fig. 2a). A cell is considered to have

self-renewal ability retrospectively if it forms a neurosphere

containing more than 1� 106 cells. Next, we compared the

self-renewal NSCs between the genotypes by digesting

single neurosphere into single cells and by counting the cell

number. Self-renewal of Nes + / – NSCs in CM was

comparable with Nes + / + NSCs (Fig. 2b; P > 0.05). This

suggests that deficiency in self-renewal of Nes + / – NSCs

could be almost fully rescued by CM from Nes + / + NSCs.

The Akt signaling pathway is activated in Nes + / – NSCs

cultured in condition medium at a low density

The above data show that the decreased expression of

nestin has little effect on the proliferation and apoptosis

of NSCs at a high cell density (5� 105 cells/ml), but has a

Fig. 2
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Self-renewal of Nes + / – cells was rescued by conditioned medium (CM) at clonal density. (a) Neurosphere-forming rate of Nes + / + , Nes + / – , and
Nes + / – cells in CM. (b) The percentage of Nes + / + , Nes + / – , and Nes + / – in CM wells with >1�106 cells. **P < 0.01. Results represent the
mean±SD of 96 wells and are representative of three independent experiments.
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huge effect at a low cell density (500 cells/200 ml/well)

and lost self-renewal ability in clonal analysis. This

difference in effect is because of level of extracellular

factors at different densities. To explore a possible

mechanism of how extracellular factors regulate self-

renewal, we searched for candidate signaling mechanisms

that regulate cellular activity by phosphorylation because

knockout of nestin has little effect on gene expression.

One candidate is Akt signaling, which has a decreased

phosphorylation of Akt after downregulation of nestin in

A375 cells, corresponding to cell growth and sphere

formation [8]. Activation of the Akt pathway is important

to promote cell survival [9,10]. Therefore, Akt activation

and the resulting apoptosis may be a candidate pathway.

To test this, we performed immunoblotting to determine

Akt activation at a low cell density (2500 cells/ml)

(Fig. 3a). The p-Akt level in Nes + / – NSCs was

significantly higher in CM than fresh medium, reaching

a comparable level with Nes + / + NSCs in Fig. 3b.

Correspondingly, the apoptosis level (aCASP3) was higher

in Nes + / – than Nes + / + NSCs, whereas proliferating

ability (PCNA level) was unchanged. Further, both altered

Akt level and increased apoptosis were reversed using

conditional medium. These results suggest that extra-

cellular factors affect the self-renewal of Nes + / – NSCs

through cell apoptosis and that the Akt signaling pathway

is involved in the self-renewal of NSCs by nestin.

Discussion
Here, we observed no changes in either apoptosis level or

proliferation capability of NSCs in Nes + / – mice by

immunostaining. Furthermore, we show that self-renewal

of Nes + / – NSCs depends on cell density and is lost

when plated at a low cell density and that this deficiency

in self-renewal at a clonal density is rescued by the

medium conditioned from Nes + / + NSCs. These results

suggest that there exists a threshold concentration of an

unknown secreted factor that is involved in maintaining

self-renewal along with intrinsic signaling by nestin.

Although little is known about the function of nestin

during neurogenesis, recent studies indicate that nestin

may be important in regulating NSC/NPC proliferation,

apoptosis, and differentiation. In rat embryonic cortical

NPCs, no change in apoptosis was detected by immu-

nostaining of cleaved caspase-3 after RNAi-mediated

Fig. 3
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expression of p-Akt, aCASP3, and PCNA in Nes + / + , Nes + / – in conditioned medium (CM), and Nes + / – NSCs at a low density by western blot.
(b) Quantification of the expression of p-Akt, aCASP3 and PCNA in Nes + / + , Nes + / – in CM, and Nes + / – NSCs at a low density. All western
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silencing of nestin, and a marked reduction in the

generation of neurons was instead attributed to defects in

NPC proliferation [11]. However, morpholino knockdown of

nestin in Zebrafish causes a defect in brain and eye

development by inducing the apoptosis of NPCs [12]. In

addition, our previous data showed elevated levels of

apoptosis of NSCs, but no overt defects in cell proliferation

or differentiation in the neural tube of Nes – / – mice [1].

Thus, it is likely that the balance between the antiapoptotic

and the proliferative roles of nestin during embryogenesis is

dependent on the model system and cellular context. In this

study, we did not detect a significant apoptosis or reduction

in proliferation in NSCs of Nes + / – embryos, suggesting that

a reduced level of nestin is sufficient for its antiapoptotic

function in the neural tube of developing mice. However, the

inability of self-renewal of Nes + / – NSCs at low cell

densities was indicative of an effect on apoptosis and the

Akt signaling pathway may mediate this effect.

The behavior of NSC/precursor cells is controlled by

both extrinsic and intrinsic mechanisms [13]. Using

clonal analysis, we showed that a single Nes + / – NSC

shows limited self-renew ability, which is rescued by

extracellular factors secreted by high-density NSCs,

suggesting that extracellular factors promote cell survival

and nestin acts as an intrinsic regulator. Some extra-

cellular factors such as stromal cell-secreted factors or

insulin promote the survival of neural stem/progenitor

cells through the activation of the Akt signaling path-

way [10,14], suggesting that the Akt signaling pathway is

important for the survival of NSCs. In our study,

promotion of cell survival of Nes + / – NSCs at a low cell

density by extracellular factors in CM may be mediated

by the Akt signaling pathway.

How nestin or extracellular factors mediate the activation

of the Akt pathway in NSCs remains to be clarified. Nestin

was recently reported to serve as a prosurvival determinant

in ST15A NSCs as it stabilizes the Cdk5/p35 complexes

[15]; Cdk5/p35 can regulate Akt activity through phosphor-

ylation of the neuregulin receptors in promoting neuronal

survival [16]. One intriguing possibility is that nestin

promotes Akt activity through the Cdk5/p35 signaling

pathway and extracellular factor may involve in the

regulation of Cdk5/p35 complexes with nestin. Although

our present study identified Akt as an important down-

stream molecule of nestin in regulating the cell survival of

NSCs, the existence of other nestin downstream effectors

for the regulation of NSC survival cannot be ruled out.

Therefore, specific growth/soluble factors and their functions

should be identified and their mechanisms elucidated.

Conclusion
In summary, our experiments showed that a reduction in

nestin expression by half does not affect the proliferation

and survival of NSCs in vivo. Self-renewal of Nes + / –

NSCs is dependent on cell density and is completely lost

when plated at clonal density in vitro. This deficiency in

self-renewal could be rescued using the medium condi-

tioned by Nes + / + NSCs, in which the Akt signaling

pathway may be involved.
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