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The neural induction has remained a debatable issue pertaining to whether it is a mere default process or it involves precise
instructive cues. We have chosen the embryonic stem (ES) cell model to address this issue. In a devised monoculture strategy,
the cell–cell interaction availed through optimum cell plating density could define the niche for the attainment of efficient in
vitro neurogenesis from the ES cells. The medium plating density was found ideal in generating optimum number of
progenitors and also yielded about 80% mature neurons in a serum free culture set up barring any exogenous inducers. We
could also demarcate and quantify the neural stem cells/progenitors among the heterogeneous cell population of
differentiating ES cells using nestin intron II driven EGFP expression as a tool. The one week post-plating was determined to be
the critical time window for optimum neural progenitor generation from ES cells that helped us further in purifying these cells
and in demonstrating their proliferation and multipotent differentiation potential. Seeding cells at varying densities, we could
decipher an interesting paradoxical scenario that interlinked both commitment and maturation with the initial plating density
having a vital influence on neuronal maturation but not specification and the secretory factors were apparently playing a key
role during this process. Thus it was comprehended that, the neural specification was a default process independent of
exogenous factors and cellular interaction. Conversely, a defined number of cells at the specification stage itself seemed
critical to provide an auto-/paracrine means of signaling threshold for the maturation process to materialize.
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INTRODUCTION
Neurogenesis is a complex cyto-architectural enigma that involves

intricate organizational events during embryogenesis and requires

precision to the minutest extent. In fact, it involves an intelligent

interplay of different developmental factors regulated intrinsically by

the developing embryo and/or by extrinsic influencing factors. The

paradox being whether the neurogenesis represents a default state

[1,2] or it involves a more authentic signaling cascade during early

embryonic development, remains still unresolved. A recent report

[3] using embryonic stem (ES) cells while does support the latter

phenomenon on neural differentiation, van der Kooy’s group [4]

interprets it otherwise. Never-the-less, the convergence of temporo-

spatial regulation and expression of several cytokines, growth factors

etc. and their interaction milieu lead to the setting up of a fate

decision machinery in ES cell system distinguishing the self-renewal

state from lineage commitment and specification. The contribution

of LIF is well documented as a key cytokine in the maintenance of

undifferentiated state in murine ES cells [5–7] with its withdrawal

triggering differentiation. In fact, the BMP or the BMP induced Id

protein in concert with LIF modulates the cell fate decision

machinery opting between self-renewal and differentiation [7].

However, LIF is not mandatory for human ES cells maintenance

[8,9]. There are also reports [10–12] indicating the existence of LIF

independent pathways for ES cells maintenance where ‘‘nanog’’

plays an important role. Additionally, LIF also plays a critical role in

the generation of an intervening primitive neural stem cell stage

during neural commitment of unspecialized ES cells [4]. Hence, the

ES cells maintenance and the differentiation need to be tightly

regulated opting between the permissive and instructive mode of

differentiation and the threshold of specific molecular determinants

might modulate the balance between the two.

Cell–cell communication is an important phenomenon both

during development and differentiation. In fact, cell aggregation

promotes the intercellular communication during the differentia-

tion of ES cells and thereby helps transducing the signals and sets

up the milieu for lineage commitment and differentiation. The fine

tuning of these event cascades is brought about by both cell

intrinsic and extrinsic cues. Studies till date have focused on

various factors [13,14] to implicate their influence on overall

neurogenesis with the read out emphasizing neuronal differenti-

ation in particular. In fact, these factors could actually influence

neural induction either by increasing the mitotically active

progenitor pool or in helping the post-mitotic differentiation.

The concrete understanding of the same would require a better

model system. Accordingly, here we have used the ESC system to

track independently the neural induction; differentiating the

progenitor stage from the maturation state for assessing the

importance of underlying cues influencing neurogenesis in a stage/

development specific manner. The commonly followed strategy

for neural differentiation involves the generation of three

dimensional embryoid bodies (EB) from ES cells [15–17].

However, Smith’s group [3] has demonstrated a monolayer

culture without intervening EBs for neural differentiation in a

medium supplemented with B27. Similarly, vitamin B12 and
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heparin could promote neuronal differentiation from ES cells in a

serum free medium [18]. Our investigation however, has outlined

the critical influence of optimum cell density in fostering cell–cell

interaction in a serum free monoculture that has helped defining

the niche for efficient neurogenesis from ES cells in vitro without

any exogenous inducers.

We have carried out the neural induction in a 2D culture set up

to understand its default state. Cells were differentiated successfully

into neural population even in the absence of any extrinsic factors.

In fact, we could demarcate the neural progenitors using the nestin

enhancer mediated cell trapping approach and could quantify the

same that remained identical irrespective of the plating density.

However, the differentiation efficiency depended on the initial cell

seeding density. We could generate about 80% neurons with a

better efficiency seen at medium plating density compared to that

at very low or high ones. Interestingly, the transcripts levels of

certain secretory factors especially Wnt corresponded well with the

cell density thus implying that, the neural induction was influenced

by the concentration/dilution of factors not from the medium but

through the auto-/paracrine effect of the cells themselves. Our

study in fact, revealed the importance of the initial seeding density

that had a direct bearing and more pronounced effect on the

maturation than the initiation stage of neurogenesis; thus hinting

at the maturation and hence the overall neural induction process

to be an instructive event, while the commitment alone

represented the default state.

RESULTS

Monolayer vs. three dimensional cultures
An adherent monolayer culture strategy was devised for neural

induction from ES cells using D3 and h-nestin EGFP transfected

ES cell clones (nes-EGFP). The single dispersed cells when

cultured in differentiation medium (DM), generated colonies in a

two-dimensional fashion due to their self renewal characteristic.

On day 2 (d2), the serum containing medium was substituted with

serum replacement medium (KO) and this resulted in initial

proliferation and a gradual switching to differentiation. The

supplementation of RA (KR) expedited this process further. The

colonies in fact, grew in diameter and formed cell clusters often

resembling the plated EBs (Fig. 1A, B; arrowhead). A number of

smaller processes were seen sprouting from the periphery of these

Figure 1. The neural differentiation was more pronounced in KO medium in both monolayer and EB cultures. The ES cells line, D3 when grown in
a monolayer culture in serum containing medium for 2 days followed by 6 days (8 dpp) in KO (A) or KR (B) medium displayed EB like morphology
with cell migration in a centrifugal fashion and processes sprouting (arrow) from the cell dense central part (arrowhead). RA expedited the neural
differentiation process that was often associated with extensive interconnections and lattice formation. (B, C). The differentiation was comparable in
KO medium at 13 dpp with (E) or without (D) RA exposure. The EBs generated by hanging drop and exposed to RA also exhibited extensive neural
differentiation (d7+7) upon plating when cultured in KO medium (F). The ES cells displayed a cellular mat (G) when cultured in DM in a monolayer
without RA exposure (13 dpp), while in presence of RA (H) had cells with neural morphology. Scale: 30 mM.
doi:10.1371/journal.pone.0001349.g001

Neurogenic Cell Fate Control
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clusters along with the migration of single cells (Fig. 1A, B; arrows).

In fact, many such clusters established interconnections forming

lattices (Fig. 1B, C) during differentiation (d10 onwards). While the

differentiation pattern with proper neurite extensions was

apparent in KR medium by 7–8 days post-plating (dpp) (d2+5/

6), a comparable status was achieved in KO medium 1–2 days

later (Fig. 1B–E). However, by the second week of plating (12 dpp

or later) an identical differentiation pattern was observed in both

KO and KR (Fig. 1D, E). Interestingly, the KO medium also

supported extensive neural differentiation in EBs in 3D culture

[17] by 7 dpp (d7+7) (Fig. 1F).

Influence of Medium and plating density on

neuronal precursor generation and differentiation
Our earlier study [17] had indicated an asynchrony in neural

differentiation from ES cells in a 3D culture. To discern the

pattern in 2D set up and optimize the same, we tested the efficacy

of various media using D3 and nes-EGFP cells. The cells grown in

DM formed a cellular mat with indiscernible neural structures

(Fig. 1G; Fig. 2E), while with RA exposure the neural

differentiation was promoted (Fig. 1H; Fig. 2F, G) indicating the

inductive influence of RA on neurogenesis. The ITSFn medium

with or without RA did not support the long term 2D culture, that

instead showed pronounced cell death (data not presented).

Among the media tested both KO and KR supported the neural

differentiation most effectively (Fig. 1). In fact, by the second week

of differentiation (d2+11) the entire dish was filled with Map2+

intricate neuronal mosaics (,80%) (Fig. 3D). A similar profile was

also observed in case of the nes-EGFP clone that upon

differentiation could generate EGFP+ early differentiating neural

cells (Fig. 2A–G) and EGFP2 mature ones (Fig. 2H). As seen in

Fig. 2, the neurogenesis was more pronounced in KR medium

(Fig. 2B, D, H) followed by that in KO (Fig. 2C).

Interestingly, migratory single cells in many areas in the

periphery of the clusters also exhibited smaller processes extending

from the cell body (Fig. 1C, E; arrowhead and Fig. S1G, H). This

indicated probably the single cells also possessed independently the

neurogenic differentiation potential and simultaneously question-

ing whether it was a density dependent phenomenon or was

independent of the cell plating density. To address this issue, the

cells were seeded at varying densities and the medium was

changed to KO/KR on day 2 of plating. The cells at low density

(2 K/35 mm) plating remained either single or formed 2–6 celled

clusters on d2 of plating exhibiting slower growth (Fig. S1A)

compared to the medium and high density plated ones (Fig. S1B,

C). Moreover, the cells in the low density cultures lacked apparent

neural differentiation (Fig. 4A, B), that was seen occasionally on

Figure 2. The influence of medium on neural differentiation profile in nestin transgenic ES cell clones. The differentiation pattern in nes-EGFP
cells as seen in bright field and fluorescence at 8 dpp and 10 dpp in KO (A,B and C,D) and FBS containing (E,F and G) medium respectively. The neural
differentiation was promoted in KO medium (A–D) compared to that in serum containing one (E–G). RA expedited the process with better
differentiation in respective media (B, D and G). While the neural progenitors were EGFP+, the mature ones with extensive processes were EGFP2 (H)
corresponding with the endogenous nestin expression pattern. Scale: 30 mM.
doi:10.1371/journal.pone.0001349.g002

Neurogenic Cell Fate Control
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the second week after plating and mainly in cell dense areas (Fig.

S1D, E). Conversely, the cells when present singly or were sparse

exhibited flattened morphology (unpublished data). Additionally,

no differentiation was obtained with serial dilution and single cell

plating in a 24- multi-well dish where single cell plating did pose a

survival challenge (unpublished data). However, the cells in

medium (50–65 K) or high (100–130 K) density plated cultures

on 35 mm dish underwent proper neural differentiation with well

sprouted neurite processes (Fig. 4C–F; Fig. S1F–H). The density

higher than 100 K at times led to pronounced cell death because

of cell overgrowth and hence required frequent medium

replenishment. Overall we could decipher a combinatorial effect

of medium plating density and KO medium on efficient

neurogenesis using both D3 and nes-EGFP ES cells and RA

exposure facilitated in expediting this process (compare Fig. 1A

and B; Fig. 2A and B).

Figure 3. The neural differentiation and immuno-cytochemical characterization. The expression of early neural markers Sox2 and nestin was
detected in an overlapping fashion at various time periods during differentiation (A–C) with Sox2 showing nuclear localization (Dapi+: A). Extensive
neuronal differentiation was demonstrated by Map2 stained cells (D) including 5-HT+ serotonergic (E) and TH+ dopaminergic (F) neuronal subtypes.
This 2D culture strategy also yielded GFAP+ astrocytes (G) and O4+ oligodendrocytes (H). The Map2+ cells were also synaptophysin+ (J; red:
synaptophysin, blue: Dapi). Scale: 40 M except D and G (10 mM).
doi:10.1371/journal.pone.0001349.g003

Neurogenic Cell Fate Control
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Figure 4. The influence of plating density on neural progenitor generation and differentiation in nes-EGFP ES cells. The cells plated at 2 K density
showed EGFP+ neural progenitors in KO (A) or KR (B) medium, however, without any apparent differentiating neural cells at 8 dpp. The cells plated at
medium (60 K; C, D) and high (130 K; E, F) densities showed prominent neural differentiation at the said time period. RA exposure (D) and (F) at the
respective densities facilitated pronounced neural sprouting. Figures are shown in bright field and fluorescence. Scale: 30 mM.
doi:10.1371/journal.pone.0001349.g004

Neurogenic Cell Fate Control
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Differentiation Profile
The neural differentiation following the said strategy was

authenticated by immunocytochemical characterizations. Early

neuroepithelial stem cell markers; nestin and Sox2 showed an

overlapping expression pattern in these cells monitored at various

time points during differentiation (Fig. 3A–C). While, extensive

expression of NCAM and A2B5, the neuronal and glial precursor

markers respectively were detected as early as 4–5 dpp (Figs. S2A–

F), the nestin+ neural rosette like structures were quite prominent

within one week of differentiation (Fig. 5D). The Map2 positivity

indicative of neuronal differentiation was detected at the earliest

by 5–6 dpp (Fig. 6A, B). This was more pronounced by second

week of plating with well extended Map2+ neuronal processes

(Fig. 3D; Fig. 5E) and synaptophysin positivity (Fig. 3J) implicating

their maturation status. In the nes-EGFP clone, the Map2+ and

EGFP+ cells were present in an interspersed manner with noted

concurrence in their generation at the detected periods, thus

indicating indirectly to an asynchrony in the neural differentiation

pattern (Fig. 5E). This 2D differentiation strategy could also

support the generation of functionally defined 5-HT+ serotonergic

and TH+ dopaminergic neurons (Fig. 3E, F) and GFAP+ astrocytes

(Fig. 3G) with a minor population of O4+ oligodendrocytes

(Fig. 3H) without any exogenous inducers. In fact, the gliogenesis

was detected at a latter stage (9 dpp or later). However, the

conditions seemed sub-optimal for oligodendroglial differentiation

suggesting that oligodendroglia might require exogenous supple-

mentation of factors.

The human ES cells (Fig. 7A) exhibited neuronal differentiation

at 2–3 weeks post-plating also in KR medium as ascertained by

Map2 expression (Fig. 7B). Interestingly, some of these MAP2+

Figure 5. Immunophenotyping of nes-EGFP cells during differentiation. The nes-EGFP cells expressing EGFP during differentiation also expressed
nestin and Sox1 as seen at 2 dpp (A). Contrary to nestin, the Sox1 expression window was transient with enhanced expression at 4 dpp (B) that
became negligible by 7 dpp (C). The nes-EGFP cells exhibited rosette like structures during differentiation with co-localization of EGFP and
endogenous nestin (D). The Map2+ differentiating neurons were EGFP2, however remained associated with EGFP+ neural progenitors (E). The
histogram represents the Sox1 population during differentiation as quantified by flowcytometry (F). Scale: 40 mM.
doi:10.1371/journal.pone.0001349.g005

Neurogenic Cell Fate Control
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Figure 6. The temporal profile of neuronal differentiation in nes-EGFP cells. A few Map2+ neurons were detected as early as 6 dpp in cells seeded
at medium density and cultured in KO (A) or KR (B) medium. The Map2 expression was extensive at 9 dpp in cells cultured in either KO (C, E) or KR (D,
F) medium and plated at medium (C, D) or high (E, F) densities respectively. The cells plated at low density, however, had attenuation in neuronal
differentiation at the detected time point (G; 9 dpp). Scale: 40 mM.
doi:10.1371/journal.pone.0001349.g006

Neurogenic Cell Fate Control
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neurons were also TH+ indicating their dopaminergic neuronal

status (Fig. 7C, D).

The immunocytochemical characterization was also carried out

on cells plated at varying densities to validate our qualitative

microscopic observation and ascertain whether cell density would

have pronounced effect, if any, on neural differentiation. The

immuno-stained pattern did corroborate well with our qualitative

microscopic observation validating the cell density dependent

neural differentiation (Fig. 6A–G). The neuronal differentiation

with detectable Map2 positivity was observed as early as 5–6 dpp

in both medium and high density plated cells (Fig. 6A, B) that

became quite extensive by 9 dpp (Fig. 6C–F). However, it

remained a rare phenomenon in cells plated at 2 K density even

at latter stages of differentiation with or without RA (Fig. 6:

compare G with C–F).

Influence of Growth factors on neural differentiation
The growth factors through the activation of their cognate signaling

cascades influence various developmental events. We used the

medium density culture that was found optimal for neural

differentiation to delineate whether the extrinsic influence of growth

factors would further evoke neurogenic efficiency of naive ES cells

during differentiation. While, bFGF promoted relatively higher (5–

10% compared to control) Map2+ neurons generation, the GFAP+

astrocytes were comparatively higher (,8–10% compared to

control) with CNTF treatment. However, the overall neurogenesis

remained comparable (Fig. S3) among the control and the treated

groups thus suggesting that, the ES cells differentiating into neural

lineage following the said strategy could generate optimum neural

derivatives without any exogenous instructive factors.

Molecular Determinants
The variation in the density dependent neural maturation from

naı̈ve ES cells brought forth to an interesting paradigm implicating

the influence of certain intrinsic secretory regulatory molecules on

neural commitment and subsequent differentiation. Accordingly,

we investigated the expression status of some of the key players

such as BMP4, FGF4, noggin and Wnt to assess their contributory

role in modulating neurogenesis. The RT-PCR was carried out on

RNA samples isolated at different time periods both prior to and

during differentiation from cells plated at varying densities. As seen

in Fig. 8, we could detect FGF4 and BMP4 at 4, 6 and 8 dpp

during differentiation and the same at low levels in ESCs. Noggin

was detected only during differentiation and not in undifferenti-

ated ESCs, while Wnt 8b was not detected in any (Fig. 8A, B). The

Wnt3a, Wnt5a and Wnt8a transcripts were detected at both d6

and d8 of differentiation (Fig. 8B). However, the expression was

relatively low in 2 K plating density cells at early time point

(6 dpp) compared to the higher density plated ones that was

ascertained by real-time (Wnt 5a and 8a) and semi-quantitative

(Wnt 3a) RT-PCR (Fig. 8C). Interestingly, 6 dpp was the time

when the Map2+ neurons started appearing at higher densities but

not in 2 K plated cells thus implying a probable modulatory role of

Wnt on density dependent neuronal differentiation.

Figure 7. The differentiation of human ES cells into neurons. An undifferentiated human ES cell colony grown on mitotically inactivated mouse
embryonic fibroblast monolayer (A). The human ES cells were differentiated into neurons (d25) in the KR medium showing Map2 positive staining (B).
Some of the Map2+ neurons (C) were also TH+ (D) indicating their dopaminergic neuronal subtype status. Scale: 30 mM.
doi:10.1371/journal.pone.0001349.g007

Neurogenic Cell Fate Control
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Quantitating Neurogenesis
Further, complete neurogenesis was studied in a stepwise manner in

the monoculture system to understand the probable time window for

neuronal progenitor generation and subsequent maturation. Hence,

we used the nes-EGFP clone and quantified the EGFP+ neural

progenitors by flowcytometry. Our data revealed an initial increase

in the EGFP expression attaining the peak during 6–9 dpp followed

by its down-regulation on subsequent days (Fig. 9A–C). A distinct

population (M2: 20+/21.7%) of developing neural progenitors was

seen by one week of differentiation with 6–10 fold higher EGFP

intensity compared to the basal level detected in ES cells (Fig. 9A, B).

Subsequently, there was drastic decrease in this M2 population

(4.05+/21.6%) in the second week of plating (Fig. 9B) indicating the

maturation of differentiating neurons and glia that retained either

very weak or no EGFP; a pattern that corresponded well with the

endogenous nestin expression. Thus, the M2 population emphasized

a time window of one week for optimum neural progenitor

generation in the described monoculture strategy. Interestingly, this

window was similar to our earlier finding on EB based neural

differentiation [17].

With the rationale that the density would influence neurogenesis

by dilution/concentration of some of the auto-/paracrine

Figure 8. The RT-PCR analysis for secretory factors during neuro-
genesis in cells plated at varying densities. (A): BMP4, FGF4, Noggin
expression status in undifferentiated ES cells and during various days of
differentiation in cells plated at medium (50 K) density. b-actin gene
served as a housekeeping positive control. (B): The expression status of
BMP4, FGF4, Wnt3a, Wnt5a, Wnt8a, Wnt8b at d6 and d8 of
differentiation in cells plated at varying densities. The bottom row
shows the housekeeping b-actin control with (+) and without (2)
reverse transcriptase in the reactions. (C): The semi-quantitative
(densitometry: Wnt 3a) and quantitative (Wnt 5a, Wnt 8a) detection
of Wnt transcripts relative to b-actin, keeping the relative expression
count at 50 K density as 1. Data are represented as mean+/2SEM
(n = 4–5) with P,0.05 (Wnt5a) and ,0.01 (Wnt8a) using paired t- test
for comparing the transcripts between 2 K and 50 K groups.
doi:10.1371/journal.pone.0001349.g008

Figure 9. The quantification of EGFP+ neural progenitors by
flowcytometry. (A): The nes-EGFP cells cultured in monolayer
generated bright EGFP+ neural progenitors (M2 population) with
maximum number being detected at d7. The M1 population included
also the weak EGFP+ cells representing the differentiating population.
(B): The bar diagram shows the neural progenitor generation profile
comparing the EGFP population at the M2 window at different time
points during differentiation keeping the ES cells value as 1 (n = 4–6).
The EGFP+ cells peaked during 6–9 dpp, the optimum time window for
efficient neural progenitor generation during differentiation followed
by a decrease in the second week. (C): The bar diagram shows the
influence of plating density and RA exposure of cells on EGFP+ neural
progenitor generation at 7 dpp. Data are represented as mean+/2SEM
(n = 4–7).
doi:10.1371/journal.pone.0001349.g009

Neurogenic Cell Fate Control
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effectors, the nes-EGFP cells were plated at varying densities (2 K,

50 K and 100 K) on the gelatin coated culture dishes. FACS

analysis was also carried out on these cells to determine the density

dependency on neural progenitor generation and maturation. The

number of EGFP expressing neural progenitors was comparable

(M2: 20–23%) at one week irrespective of the plating densities

except for 100 K (15+/21.361%) indicating that the seeding

density might have a minor influence on neural commitment

(Fig. 9C). Certain degree of cell death seen with high density

cultures might have influenced the lower percentage in the

progenitor population in 100 K plated cells. The number of

EGFP+ cells remained comparatively higher (23–30%) with RA

exposure at the respective plating densities (Fig. 9C). Moreover,

the effective time window of 6–9 dpp for optimal neural

progenitor generation also remained same irrespective of the

plating densities tested (unpublished data).

Further to monitor the differentiation profile, concurrent

investigations were carried out either by the flowcytometry

quantification or by selecting 5–10 random fields and counting

various neural populations relative to the DAPI positive total

number of cells in the medium and high density plated cultures.

While, 25–30% of mature neurons were detected by first week

(9 dpp), it ranged from 70–80% or more (76.8+/26.9%) on

second week. Similarly, the GFAP population also showed an

increase from 3–5% to ,20% by second week of differentiation.

Contrary to this, there was a decline in the A2B5 population from

first week (,64%) to second (8–10%). Our differentiation strategy

also yielded ,25% dopaminergic neurons (TH+). A comparable

number of Map2+ cells were detected in both densities with

marginal increase (5–10%) in KR medium at one week time

period that became almost identical (,80%) by two weeks post-

plating with or without RA. Taken together, the medium density

was found ideal for both progenitor generation and neural

maturation associated with extensive neurite processes thus

suggesting a vital influence of initial seeding density on neurogenic

efficacy and the medium being serum free could still support this.

Intervening neural stem/progenitor stage and

stemness
To ascertain the stage at which the unspecified ES cells acquire the

neural fate, we stained the cells with neural stem cell/progenitor

markers such as Sox1, Sox2 and nestin both prior to and after

inducing differentiation. Sox1, a specific marker for neural

committed population [19] was detected co-localized with nestin at

2 dpp with optimum expression seen around 4 dpp. Subsequently, it

showed a downward trend with undetectable level by d7 and after

(Fig. 5A–C, F). However, both nestin and Sox2 were detected in ES

cells itself although at a low level [17; unpublished data]. Their

expression was more pronounced from d2 onwards and became less

at the end of second week corresponding with the quantitative EGFP

profile (Fig. 3A–C; Fig. 9B). Thus, together with the quantitative

flowcytometry observation we could discern that, the neural

commitment following the said strategy took place as early as

2 dpp, while the optimal time window for neural progenitors resided

during 6–9 dpp. Accordingly, the cells at d3/8 were dispersed and

re-plated with KO or DM to assess the multi-potentiality and

stemness of neural progenitors [4,19,20]. Interestingly, the re-plated

cells also exhibited proliferation and neural differentiation (Fig. S3G)

supporting the existence of intervening neural stem cell stage during

ES cells’ differentiation [4], even though a minor population of

coexisting undifferentiated ES cells in the culture could not be ruled

out at this stage. This led us further to isolate these intervening cells

from differentiating ES cells by MACS using A2B5, NCAM and

SSEA1 antibodies and with positive and negative selections

respectively. The purification of NCAM+ population was sub-

optimal in our hand. However, the A2B5+ (Fig. 10A–D) and

SSEA12 (Fig. 10G) cells upon plating on DM or KO medium

exhibited both proliferation and differentiation. The cells isolated by

negative selection using SSEA1 antibody differentiated into both

neurons and astroglia (Fig. 10H, J). Even the A2B5+ cells that are

supposed to be the glial progenitors also generated both neurons and

astroglia upon plating (Fig. 10E, F).

DISCUSSION
The ES cells in undifferentiated state are regarded as naı̈ve. These

cells attain commitment to specific cell fates upon appropriate stimuli

conferred by both cell intrinsic and extrinsic means, that in vitro is

triggered mostly by cell–cell interaction. Hence, the naı̈ve ES cells

are allowed to aggregate, a process that results in three dimensional

structures called EBs, to initiate cellular communication and

differentiation [17,21]. Following the same rationale we tried to

bring about cellular net working in a 2D set up allowing the ES cells

to proliferate and form colonies in a medium containing FBS but

without LIF. Interestingly, this 2D cellular interaction through

priming with FBS followed by culturing in KO – the medium that is

devoid of any growth factors and neurogenic inducers could facilitate

gaining requisite signals in promoting neural commitment as

ascertained by Sox1 positivity. The attainment of neural fate thus

underscored the involvement of LIF in the undifferentiated ES cell

maintenance, the absence of which led to the differentiation [21] and

in parallel signified the fact that, the neural differentiation from ES

cells might be a preferred event.

A number of reports [15,17,22–24] have indicated the ES cells’

differentiation into neurons by culturing those on stromal cell

monolayer or with neurogenic inducers (RA, bFGF, BMP

inhibitors) in the medium. However, it might be ideal to have a

basic platform developed without any exogenous influence to

assess without ambiguity the causal players during development.

Only in a recent study [25] the ES cells were shown to attain a

neural identity when cultured in PBS. However, the cell

attachment and survival was a major impediment there. Here

we have demonstrated the neural differentiation from ES cells in a

medium devoid of these inducers emphasizing only to the intrinsic

properties of these cells underlying this process. The differentiation

was induced by LIF withdrawal and in low serum conditions and

that was sufficient to induce the expression of the neuroepithelial

stem cell markers. With the hypothesis that, the withdrawal of

growth factors normally found in serum could be sufficient for

neurogenesis to be induced, we allowed the dissociated ES cells to

have an exposure to serum conditions initially and then substituted

that with serum replacement medium. The latter medium is

thought to be devoid of any growth factors and retinoid derivatives

which are known to induce neurogenesis. The priming of cells for

one day to low serum also had comparable response. Similarly,

culturing the ES cells in KO medium from d0 also resulted in

extensive neural differentiation in spite of a significantly low

number of adherent colonies remaining in the dish (unpublished

data). Thus, it becomes imperative to presume that the priming

with low serum might be a dispensable event. The serum might

have helped primarily in better cell adhesion to the dish and

thereby promoting subsequent neural differentiation in KO

medium. Thus, not only withdrawal of LIF but the exposure of

cells to KO medium seemed essential and could be used in

combination to accomplish efficient neural differentiation from ES

cells without exogenous factors. This strategy might be one of the

simplest ones for obtaining enriched population of neural

progenitors and differentiated neurons from ES cells that would
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further help gaining insight into cues and factors involved during

neural differentiation. In fact, it would be realistic to narrow down

the components present in the serum replacement formulation to

assess the influence of specific factors on neurogenesis and also to

try several ECM components for facilitating improved cell

adhesion, though laminin/fibronectin substrates seemed to

promote non-neural cells compared to gelatin [3].

The ES cell derived neurogenesis would include both the

committed neural stem cells/progenitors and the differentiated

progenies. This demanded the requirement of properly demar-

cating and quantifying the neural progenitor population from the

differentiating neurons using nestin, the neuroepithelial stem cell

marker [26–29] to understand the influence of conditions on both

the events independently leading to ultimate maturation. Other

Figure 10. The differentiation profile of neural progenitors purified by MACS. The nes-EGFP cells 8 dpp were subjected to MACS, the A2B5+ eluent
(A–D) and SSEA12 flow through (G) were collected and grown in culture. The A2B5+ cells cultured in either DM (A: 6 dpp; B: 10 dpp) or KO medium
(C: 6 dpp; D: 10 dpp) exhibited proliferation and differentiation with better differentiation in KO (D) that showed both Map2+ neurons (E) and GFAP+

astrocytes (F). Similarly the SSEA12 cells when cultured in KO medium (G) underwent differentiation into Map2+ neurons (H) and GFAP+ astrocytes (J).
Scale: 30 mM.
doi:10.1371/journal.pone.0001349.g010
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than the rationale of avoiding known external factors in the

medium we also deduced the neighbouring effect of these cells on

each other in terms of their density to influence the neurogenesis,

focusing directly on their intrinsic characteristics. While plating

density had no appreciable influence on the EGFP+ neural

progenitor generation, we could decipher an interesting synergy

between the seeding density and the neuronal maturation with the

differentiation impairment in low density culture and high density

ones showing higher cell death. Interestingly, the medium density

culture that we found optimal for neurogenesis was also similar to

the reported [3] density (0.56104/cm2). The results from the

influence of density on the differentiating cells thus directly

portrayed that, the intrinsic factors were probably secreted and

regulated the differentiation process in an auto-/paracrine fashion.

The lack of appreciable influence of exogenous growth factors on

neural differentiation indeed substantiated this further.

A number of factors have in fact been implicated in modulating

neurogenesis [29–36]. Interestingly, the FGF signal requirement for

neural induction starts even prior to gastrulation [32]. A preliminary

assessment of probable modulators has revealed a correlation of

plating density on FGF4 transcripts expression while with respect to

noggin no clear pattern could be deduced (unpublished data). It

might be likely that, the FGFs bear the master switch and the

threshold of these would tilt the neural differentiation efficiency.

Similarly, the Wnt transcripts were low at 2 K plating density at a

stage (d6) when with other densities the Map2+ neurons were first

detected. Considering the density dependent positive influence of

Wnt on neuronal differentiation [33], we deciphered the lack of Wnt

threshold might be adversely affecting the neuronal differentiation in

low density culture. The same might have held true in serially diluted

single cell culture which also lacked neuronal differentiation. A

number of reports also indicate the role of BMPs during

neurogenesis. It is known that, in xenopus the cell dissociation of

the presumptive ectoderm dilutes BMP signals and thus directs the

neuronal differentiation rather than the epidermal one [13,37,38].

The BMPs also exert concentration dependent inductive influence

on dorsal neural cell types [34]. Moreover, BMP on one hand helps

in the maintenance of ES cells [3,39] while on the other promotes

gliogenesis during neural differentiation [19]. Our observation on

BMP4 transcripts detection in ES cells and at different days during

neural differentiation indicated that, the endogenous BMP was non-

interfering during neurogenesis [3]. Moreover, other than these

secretory factors the plating density’s influence on differentiation

might also have been triggered by the neighbouring cells’ crosstalk

through Notch and hedgehog signaling [40–45]. Further work

would be needed to verify this.

RA is one of the key players that exerts pleiotropic influence

during development [34–36] and promotes neuronal differentia-

tion from ES cells through enhancement of beta-catenin signaling

[19]. In the present investigation, we showed that, RA not only

expedited the neurogenic progression, its supplementation in the

medium promoted the generation of neural progenitors and the

differentiated neurons [17]. In fact, RA might overcome the

neural inhibitory signals and direct the cells to neural lineage since

exposure to RA even in presence of serum could guide the ES cells

to structure neural differentiation. This effect directly portrays

that; the endogenous players in concert with RA might be exerting

their influence on promoting neurogenesis. It would indeed be

interesting to identify the RA downstream factors that strongly

direct the cells for neural specification and differentiation,

although we have succeeded in achieving efficient neurogenesis

without RA supplementation. Possibly, a threshold of such factors

including FGFs, Wnts, RA and their synergistic effect promote

optimum neurogenesis. Thus, it would be imperative to assess

whether the activation/inhibition of these signals would suffice to

induce neurogenesis in cells or these would only help the already

induced neural cells to form neurons.

Conti et al, [19] have reported a clonogenic neural stem cell

population derived from ES cells. In line with theirs we could also

detect specific time windows for Sox1+ neural committed population

that resided around 4 days of initiation of differentiation while the

effective time window for nestin+ neural progenitors was about 6–

9 dpp suggesting the existence of developmental hierarchy during

early neurogenesis. In fact, Sox1+ stage cells could be split and

differentiated upon re-plating without affecting their survival

(unpublished data). Earlier [17], we have also shown in real time

the self-renewing neural progenitors, differentiating neurons and

astrocytes generated from EBs dispersed during the one week time

window. This prompted us to purify the progenitors using MACS

and differentiate those successfully into neurons and astrocytes thus

demonstrating further the efficacy of the devised monoculture

strategy in stage specific cell type(s) isolation and their characteriza-

tion. Moreover, our observation also envisaged that common

progenitors might exist for neuro- and gliogenesis.

In fact, the neural induction has remained a debatable issue

pertaining to whether it is a mere default process or it involves

precise instructive cues. The present investigation has highlighted

a combinatorial cell intrinsic and neighboring effect that

influenced the cells to undergo neural specification and differen-

tiation from ES cells. While the neural commitment was density

independent, the maturation efficiency was dictated by the initial

cell plating density thus questioning how appropriate could it be to

regard neurogenesis that would include both commitment and

maturation; as a default transition in the absence of inhibitory

signals [13,46]? It might be likely that, the whole machinery of

neural induction remains in a proactive state and the withdrawal

or the absence of the influence of some factors might be sufficient

for this machinery to be active. Conversely, the density dependent

neural differentiation indicated it to be more likely of a neighbouring

effect and hence instructive, that influenced the cells to acquire

particular phenotype. Indeed this brings forth to an interesting

paradox. In case the default hypothesis is true, it should then be

limited to the commitment stage, but not involving maturation.

Interestingly, the ES cells do express the transcripts of other germ

layers [25]. In this context, providing both permissive and instructive

cues supporting other lineages might also help directing the ES cells

in vitro to different lineages other than the neural and the conditions

opted till date might not be ideal for the same. Never-the-less, incase

the counter view on FGF mediated neural specification [3] is true,

then possibly autocrine and/or paracrine stimulation/inhibition

might be the critical determinants underlying this process. For the

maturation, however, cellular crosstalk at the initiation stage would

be mandatory. Taken together, it could very well be inferred that

while neural commitment might be a default state or with autocrine

stimulus being sufficient for the same; the maturation efficiency

would depend on the cellular communication and community effect

commenced and exerted from the commitment/specification stage

itself. Thus, our investigation has shed some light on this long

standing issue on neurogenesis, putting forth an interesting

amalgamation of both permissive and instructive cues to underlie

the overall process of neurogenesis.

MATERIALS AND METHODS

ES cells maintenance and differentiation
The murine ES cells, line D3 (ATCC) were maintained routinely

on STO fibroblasts and cultured without fibroblast prior to

differentiation as described [47]. We have established a fresh batch
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of nes-EGFP stable ES cell clones by introducing the h-nestin

EGFP construct [human nestin intron II (a kind gift from Dr.

Lendahl) sub-cloned into pEGFP1 vector] to the D3 ES cells by

electroporation following the protocol [17] and characterized

those. For monoculture set up, the enzymatically dispersed single

cells were seeded on gelatin coated dishes using DMEM with 10%

FBS and other additives, except LIF (DM). The medium was

substituted with Knockout-DMEM (KO) on d2 that contained all

the additives and Knockout serum replacement (Invitrogen) in place

of FBS and was supplemented with (KR) or without 100 nM all-

trans retinoic acid (RA). Subsequently, the cells were maintained in

KO with medium replenishment carried out on every other day or

depending on the cellular demand. In parallel, the cells were also

maintained in DM or in ITSFn [48] medium either with or without

RA to assess the optimum culture requisites for 2D culture. For

comparing this with the 3D culture, the EBs were generated in

hanging drop for 2 days using DM followed by the suspension

culture with 100 nM RA for 3–5 days and plating on d5/7 following

the protocol [47]. On 2 dpp, the DM was replaced with KO and the

cells were continued culturing on the same.

Following similar strategy of monoculture, the in-house established

and partially characterized human ES cell line/outgrowth, RH1;

derived from a discarded abnormal embryo with three pronuclei

[with institutional ethical committees’ (IEC), National Centre for Cell

Science approval and informed parental consent (oral; since the

embryo was unsuitable for implantation and was meant to be

discarded] was also differentiated into neural lineage. The difference

being, the RH1 ES cells instead of single dispersed cells were grown in

clumps for differentiation in medium containing 20% FBS and that

was substituted with KR medium on day 2–3 after plating.

Plating density and neural differentiation
To discern the influence of cell density on neural differentiation,

the D3 ES cells and one of the representative nes-EGFP clones (17)

were plated at varying densities; [low: 1–26103cells (1–2 K),

medium: 5–6.56104 cells (50–65 K), and high: 1–1.36105 cells

(100–130 K)] on 35 mm dishes (9.8 cm2) and were monitored for

their qualitative and quantitative differences. The growth

characteristics and the differentiation were monitored under the

microscope (Nikon, TE2000U) and were characterized. Various

growth factors were added on d2 to the medium density culture in

KR medium at the described concentrations (see figure legend), to

assess their influence on neural differentiation. The RNA was

isolated from cells during different stages of differentiation using

Trizol reagent (Invitrogen) and was subjected to reverse

transcription PCR (RT-PCR) [17] to assess the factors influencing

neurogenesis (The primer sequences could be made available upon

request). For quantification, either semi-quantitative RT-PCR

followed by densitometry analysis or quantitative real time PCR

using SYBR Green reagent (BioRad) was performed. Relative

expression levels were calculated normalizing to b-actin transcrip-

tion. Statistical analyses were carried out using paired t-test.

Immunophenotyping
The cellular phenotypes attained during ES cells differentiation into

neural lineage in a monolayer culture were discerned by

immunocytochemistry using antibodies against neurons and glia

following the standard protocol [47]. The cells were exposed to

either of the primary antibodies; anti-nestin (Rat-401, DSHB,

University of Iowa), anti-MAP2, anti-TuJ1, anti-synaptophysin, anti-

tyrosine hydroxylase (TH), anti-GFAP (all from Sigma), anti-Sox1,

anti-Sox2, anti-NCAM, anti-A2B5, anti-5HT or anti-O4 (all from

Chemicon International) and Cy3- or Cy5- conjugated secondary

antibodies for fluorescent labeling. In each case the negative control

was performed with the substitution of respective primary antibodies

with FBS or pre-immune goat serum. The slides were observed

under a laser scanning confocal microscope (LSM 510, CarlZeiss) to

detect EGFP as well as Cy3-/Cy5-labeling. Some of these the

immuno-stained cells at various time points during differentiation

were also subjected to flowcytometry using FACSCalibre and

CellQuestPro software (Becton Dickinson) to quantitate various

neural populations. In parallel, about 5–10 random fields each were

considered for quantifying the Map2+/GFAP+differentiated neuro-

nal population among the Dapi+ cells during ES cells differentiation

from a minimum of three experiments.

Flowcytometric Quantification
The EGFP expression in nes-EGFP clones was analyzed at various

developmental stages using a FACSVantage flowcytometer (Becton

Dickinson) equipped with a 488 nm argon-ion-laser (150 mW) as

described [17]. About 10,000 viable cells were analyzed per sample

following isolation while untransfected D3 ES cells served as the

negative control. The emitted fluorescence of EGFP was measured

in log scale at 530 nm (FITC band pass filter) and the analyses were

performed using CellQuestPro software (Becton Dickinson).

Self Renewal, Cell Dissociation and re-plating
To assess whether the ES cells would involve an intervening neural

stem cell stage that would have self-renewing ability, we dispersed

the differentiating ES cells and re-plated those on gelatin coated

dishes. The dispersion was carried out either enzymatically using

Trypsin-EDTA or mechanically during early time points (3 dpp

and 8 dpp). While the mechanical isolation yielded cells in clumps,

the enzymatic dispersion gave single cells. Subsequently, the cells

were cultured in either DM or KO medium.

Isolation and purification of neural progenitors
To purify the neural progenitors, the plated cells at d6-8 during

differentiation were enzymatically dispersed and were allowed to

revive their membrane integrity by incubating those in DM for

2 hours in the CO2 incubator. The cells were washed subsequently

with PBS and subjected to MACS to purify the neural progenitors

following the specified protocol (Miltenyi Biotec). In brief, the cells

were suspended in 500 l of pre-chilled MACS buffer (PBS, pH. 7.2

with 0.5% BSA and 2 mM EDTA) and were incubated with either

of the following primary antibodies (A2B5, NCAM, SSEA1) for

30 minutes at 4uC. The unbound antibodies were removed by

washing thoroughly and the cells were suspended in 80 l MACS

buffer. The cell suspension was added with magnetic beads

conjugated secondary antibody slurry (20 l) and was incubated for

further 20 minutes at 4uC. The washing step was repeated and

finally the cells were suspended in 500 l of MACS buffer followed by

loading onto a separation column placed under the magnetic field

that was pre-equilibrated with MACS buffer. The flow-through was

collected (2ve fraction) and the column was removed from the

magnetic field after washing with the MACS buffer. Subsequently,

the bound cells (+ve fraction) were eluted with MACS buffer (1 ml)

using the plunger. The cells from both the +ve and the –ve fractions

were pellet down and the cell pellets were suspended in KO medium.

The cells were further maintained in DM or KO medium to assess

their growth and differentiation characteristics.

SUPPORTING INFORMATION

Figure S1 The neural differentiation in ES cells depended on

the initial plating density of cells. The extent of cell growth seen in
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nes-EGFP cells at d2 with 2 K (A), 60 k (B) and 130 K (C) plating

densities. The neural differentiation in cells at 2 K plating density

was observed occasionally in KO (D) or KR (E) medium at second

week post-plating (d2+10) and remained confined to cell dense

areas only. However, cells (D3 ES) plated at higher density (60 K)

exhibited extensive neural differentiation with well sprouted neural

processes by second week (F–H). Single cells migrating away from

the cell cluster also retained neurogenic differentiation potential in

those (G, H). Scale: 30 mM

Found at: doi:10.1371/journal.pone.0001349.s001 (0.95 MB TIF)

Figure S2 The ES cells during differentiation showed the

neuronal and neuro-glial progenitor markers, NCAM and A2B5

respectively. The EGFP+ neural progenitors showed surface

expression (7 dpp) of NCAM (A,B) and A2B5 (C,D) when cultured

in KO or KR medium respectively. Interestingly, both these

markers were expressed as early as 5 dpp as seen in D3 ES cells (E:

NCAM; F: A2B5). Scale: 40 mM.

Found at: doi:10.1371/journal.pone.0001349.s002 (0.77 MB TIF)

Figure S3 Exogenous supplementation of growth factors into the

medium did not have pronounced effect on neural differentiation

from ES cells in vitro. The D3 ES cells cultured in KR medium

without (A) or with bFGF (10 ng/ml) (B), NGF (10 ng/ml) (C),

BDNF (10 ng/ml) (D), CNTF (2 ng/ml) (E) and FGF8 (100 ng/

ml) (F) respectively showed similar neural differentiation pattern at

2 weeks (14 dpp). The inset represents the TuJ1+ neurons in each.

(G): The ES cells cultured in KR medium when dispersed on d3

and re-plated on DM followed by changing to KO on d2 of re-

plating displayed extensive neural differentiation with well

sprouted processes as seen on d11 of re-plating. Scale: 30 mM.

Found at: doi:10.1371/journal.pone.0001349.s003 (0.91 MB TIF)
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