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Stem cells have significant potential for tissue engineer-
ing and regeneration, and neural stem and progenitor
cells have proven promising for neuroregeneration in
numerous animal disease and injury models. However,
improved approaches must be developed to culture, ex-
pand and control the cells. Therefore the development
of enhanced methods to quantify cell differentiation
would significantly aid both in the basic investigation of
cell-fate control mechanisms and in the optimization
and validation of cell culture and expansion conditions.
Quantitative reverse transcription–PCR methods were
developed to quantify cell differentiation state by moni-
toring the expression of several cell-lineage-specific
markers. These methods provide more rapid and read-
ily quantitative results when compared with immuno-
staining. These methods were also applied in a preli-
minary investigation of cell-culture conditions, and it
was found that regular feeding of cells with fresh
medium is necessary to maintain them in an undiffer-
entiated and highly proliferative state. The present
study may aid both basic efforts to study the control
of neural stem and progenitor differentiation as well
as endeavours to optimize cell culture and expansion
conditions for biomedical applications.

Introduction

Stem cells are a highly active area of exploration for
numerous reasons. It is increasingly recognized that they play
many crucial roles from development through adulthood,
and gaining a deeper understanding of the mechanisms that
control their behaviour can yield deeper basic biological
insights. Furthermore, their hallmark ability to expand and
differentiate into many specialized cell types makes them
highly promising for tissue engineering and regeneration
efforts. For both scientific endeavours and biomedical ap-
plications, the ability to analyse, validate and quantify the
phenotypic state of cultured cells is fundamentally important.

Neural stem cells are capable of extended proliferation
in the immature state and differentiation into the three

major neural cell types of the nervous system: astrocytes,
oligodendrocytes and neurons. In addition to a long-term,
relatively quiescent neural stem cell, it is believed that popul-
ations of potentially shorter-term neural precursor exist
throughout the nervous system. These multipotent cells,
isolated from tissue and cultured into an actively dividing
state, are sometimes referred to as neural progenitor cells.
Neural stem and progenitor cells were first isolated from
the embryonic CNS (central nervous system) [1] and peri-
pheral nervous system [2]. However, it was subsequently
shown that neural stem or progenitor cells actively divide
and generate new neurons in several regions of the adult
CNS [3–5] and that quiescent stem or progenitor cells
potentially exist throughout it [6].

Neural stem cells have significant potential for replacing
the neurons that progressively die in patients with chronic
disorders such as Alzheimer’s disease, Parkinson’s disease,
Huntington’s disease, amylotrophic lateral sclerosis and
multiple sclerosis, as well as acute neural trauma and stroke
[7]. These cells can be expanded in culture for implantation
at a site of injury. For example, cerebral implantation of
expanded adult neural progenitor cells has resulted in sig-
nificant reduction in demyelination and axonal loss in
an animal model of multiple sclerosis [8]. Furthermore,
implantation of an embryonic neural stem cell line into the
site of spinal cord damage resulted in impressive functional
recovery [9]. Alternatively, gene delivery to the CNS offers
the possibility of modulating neural progenitor function in
regions directly affected by neurodegenerative disorders,
such as Alzheimer’s disease [10].
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Clinical development of these and other applications
will require robust methods to significantly scale-up im-
mature progenitor cell cultures, and in some cases cells
may need to be partially differentiated into a specific lineage
prior to implantation [7]. A number of growth factors and
hormones have been identified to regulate the proliferation
[6,10–12] and differentiation [13–15] of neural progenitors
in culture, and some culture condition optimization has been
conducted for stem cells [16–18]. However, attempts to
optimize conditions for the expansion and differentiation of
stem cells would benefit from the development of robust,
quantitative methods to evaluate the differentiation state of
these cultures.

We have developed QRT–PCR [quantitative RT (re-
verse transcription)–PCR] methods to measure cell differ-
entiation into the major neural lineages. Furthermore, to
establish their utility, we have begun to apply these methods
along with standard methods to quantify cell proliferation
and viability to analyse the effects of culture conditions on
cell culture state. We have found that regular feeding is
necessary to prevent differentiation and maintain cells in
an immature state. These methods and their validation are
addressed in the present study.

Materials and methods

Cell culture
The cells used in the experiments were adult neural pro-
genitors isolated from the hippocampus of adult female
rats as previously described [6,10,15]. For cell-expansion
studies, cells were grown in serum-free Ham’s F-12/DMEM
(Dulbecco’s modified Eagle’s medium) medium with N2
supplement (Invitrogen) and 20 ng/ml FGF-2 (fibroblast
growth factor-2; Promega) on culture plates coated with
polyornithine (Sigma) and mouse laminin (Invitrogen). For
cell differentiation studies, cells were propagated in Ham’s
F-12/DMEM medium with N2 supplement, 0.5% (v/v) FBS
(fetal bovine serum; BioWhitaker) and 0.5 µM retinoic acid
(BioMol) on culture plates or multichamber slides (Fisher)
coated with polyornithine and mouse laminin.

Cell counts and viability
For preliminary studies, cell density was determined using
a haemacytometer. Viability was determined by using a
standard Trypan Blue dye exclusion test. All cell counts were
performed in triplicate.

These experiments revealed the need for more rapid
measurements; therefore a method to quantify cell num-
ber and fraction undergoing DNA synthesis was pursued.
Cells were first incubated for 16 h in 30 µM BrdU (bromo-
deoxyuridine; Sigma), a thymidine analogue incorporated
into DNA during S-phase. Cells were then fixed, blocked

with 4% (v/v) donkey serum (Sigma) in PBS, incubated with
mouse anti-BrdU (1:100; Sigma) and stained with an Alexa-
488-labelled secondary antibody (1:250; Molecular Probes).
Finally, cells were incubated with propidium iodide (1:3000;
Molecular Probes). Images of propidium iodide and BrdU
staining were collected using a Leica fluorescence confocal
microscope. Stained nuclei were automatically counted using
Scion Image software, and results were checked by manual
counting.

Immunofluorescence staining
Cells were fixed in 4% (w/v) paraformaldehyde in PBS, and
staining was performed using standard techniques as
previously reported [10]. The following primary antibodies
were used: mouse anti-nestin (1:1000; Becton Dickinson),
mouse anti-β-tubulin III (1:500; Sigma–Aldrich), mouse anti-
Map2ab (1:500; Sigma–Aldrich), guinea-pig anti-GFAP (glial
fibrillary acidic protein; 1:1000; Chemicon) and mouse
anti-O4 (1:2; a gift from O. Boegler, Ludwig Institute for
Cancer Research, London, U.K.). Detection of primary
antibodies was performed with Alexa fluorochrome-con-
jugated secondary antibodies (1:250; Molecular Probes),
and nuclei were stained with the molecular marker TO-
PRO3 (Molecular Probes). Images were collected by fluor-
escence confocal microscopy (Leica Microsystems, Wetzlar,
Germany).

QRT–PCR
Neural progenitors were cultured under proliferation or
differentiation conditions, and their total RNA was sub-
sequently isolated using the TRIzol® reagent (Sigma) and re-
verse transcribed using the ThermoScriptTM RT–PCR system
(Invitrogen). Addition of equal amount of RNA (1 µg)
to each RT reaction was necessary to yield highly con-
sistent results. We optimized QRT–PCR amplification and
SYBR® Green DNA dye (Molecular Probes) detection con-
ditions to quantify the transcripts of five genes known to
be expressed at various stages in the process of neural pre-
cursor proliferation and differentiation. Initial PCR primer
design was assisted using the program Vector NTI (Infor-
matix) based on published sequence data (GenBank® data-
base) of the following markers: GAPDH (glyceraldehyde-3-
phosphate dehydrogenase; metabolic housekeeping gene),
nestin (intermediate filament protein found in neural stem
and precursor cell populations), β-tubulin III (cytoskeletal
protein that serves as a neuronal marker), GFAP
(intermediate filament protein expressed in astrocytes) and
MBP (myelin basic protein; structural protein expressed in
oligodendrocytes).

PCR reactions were carried out in a 20 µl volume
containing 20 mM Tris/HCl (pH 8.4), 50 mM KCl, 1.5 mM
MgCl2, 0.2 mM of each dNTP, 1 µM of each primer, 1 µM
fluorescein, SYBR® Green dye stock diluted down to 200
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Figure 1 Images for quantification of cell proliferation by BrdU staining and
total cell count by propidium iodide (PI) staining

The panels show the number of nuclei that have undergone S-phase DNA
synthesis (i.e. BrdU incorporation), compared with the total number of nuclei
indicated by propidium iodide staining. The top panels show a higher rate of
DNA synthesis in 20 ng/ml FGF-2, as compared with 1 ng/ml FGF-2 in the
lower panels.

times, 0.5 unit/µl Platinum Taq polymerase (Invitrogen) and
1 µl of template resulting from the reverse transcription
reaction. About 40–50 cycles were performed in a Bio-
Rad iCycler real-time PCR cycler, each consisting of 30 s
denaturation at 94 ◦C, 30 s primer annealing at 60 ◦C (β-
tubulin III), 65 ◦C (GAPDH, GFAP and MBP) or 68 ◦C
(nestin), and 15 s elongation at 72 ◦C. Results were analysed
for statistical significance using a t test.

Results

Quantification of cell proliferation
The fraction of cells undergoing DNA synthesis was marked
by BrdU uptake as an indicator of cell proliferation state.
Labelled nuclei were immunofluorescently stained, and all
nuclei were marked with propidium iodide. Fluorescence
images were digitally collected and counted to determine
total cells and the fraction of cells that had passed through
the S-phase of the cell cycle during the 16 h BrdU pulse. For
example, Figure 1 shows cells grown in 1 and 20 ng/ml FGF-
2 resulting respectively in 17 and 95% of cells undergoing
DNA synthesis during the BrdU-labelling period. Moreover,
this standard method can be further adapted to measure
cell viability.

Figure 2 Immunostaining with antibodies against (a) the progenitor marker
nestin (green), (b) neuronal marker β-tubulin III (green), (c) astrocytic
marker GFAP (red) and (d) oligodendrocytes marker O4 (red)

Nuclei were labelled with TO-PRO3 (blue). Similar results were obtained with
the neuronal marker Map2ab (not shown).

Analysis of neural markers expression by
immunofluorescent staining in the expansion
and differentiation of neural progenitor cells
Immunostaining yields valuable information on progenitor
multipotency [15]. Therefore this technique was applied
to analyse cells under culture conditions that promote
proliferation or differentiation to utilize it as a benchmark
technique to monitor cell state for comparison with QRT–
PCR results. Staining was conducted with antibodies against
nestin (under cell expansion conditions) and β-tubulin III,
GFAP and O4 (under cell differentiation conditions), and
images were collected by fluorescence confocal microscopy
(Figure 2).

Under expansion conditions, we observed that most
of the cells express nestin, an intermediate filament protein
specifically found in neural stem and precursor cell popul-
ations [19]. Subsequently, uncharacterized signals in serum
promote progenitor differentiation into glial lineages, and
retinoic acid promotes neuronal differentiation [15]. We
differentiated cells by culturing them in FBS plus retinoic acid
for 8 or 14 days, and during this treatment, cells flattened
and extended elaborate neural processes. Subsequent im-
munostaining demonstrated that the resulting cultures ac-
quire markers of differentiating neurons (β-tubulin III), astro-
cytes (GFAP) and oligodendrocytes (O4, a cell-surface
oligosaccharide epitope), as has been previously shown
[15]. Similar results were obtained with an alternate early
neuronal marker (Map2ab; images not shown). These results
are consistent with earlier reports that progenitors maintain
their multipotency when grown in FGF-2 and N2 but express
lineage-specific markers under differentiating conditions
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Table 1 Fractions of cells expressing various cell lineage markers on day
0 (proliferating conditions) and after 8 days under differentiating conditions,
as determined by immunostaining

At least 1000 cells were counted to determine the percentages of cells
expressing the markers nestin (immature neural), GFAP (astrocyte), O4
(oligodendrocyte) and Map2ab (neuron).

Day Marker Fraction of cells (%)

0 Nestin 100
GFAP 5.0
O4 1.6
Map2ab 0.0

8 Nestin 55
GFAP 67
O4 31
Map2ab 2.1

[6,15]. For comparison with QRT–PCR results, the fraction
of cells expressing each marker was manually quantified
on days 0 and 8 via confocal microscopy (Table 1). A
significant fraction of cells co-expressed nestin and GFAP,
likely indicating that they were in the process of undergoing
astrocytic differentiation. Analogous quantification on day 14
was prohibitively difficult due to the high density of cells and
cellular processes.

Development of the QRT–PCR primers
and methods
Although immunostaining of lineage-specific protein markers
yields cell-state data, staining slides and manually counting
cells of each phenotype is a time- and labour-intensive
method, and accurate quantitative results can be difficult
to obtain, particularly for high-density neural cultures with
dense processes. An alternative method, QRT–PCR, has the
potential advantages of being a high-throughput means to
accurately quantify the expression of lineage-specific mRNA,
though as a downside it provides a population averaged
measurement rather than total cell counts of each type.

To evaluate its potential, QRT–PCR using the SYBR®

Green dye was developed as a method to assay cell state.
Four genes known to be expressed in the process of neural
progenitor proliferation and differentiation were selected:
nestin, β-tubulin III, GFAP and MBP. To prepare samples for
QRT–PCR, total RNA was isolated from cell cultures, and
mRNA was reverse-transcribed using an oligo-dT primer.

Since SYBR® Green dye binds to all double-stranded
DNA formed during the subsequent PCR, primers were
carefully designed with the aid of software (Vector NTI
and PubMed BLAST) to enhance amplification specificity.
The primers were designed for rat sequences, but could
readily be adjusted for the mouse and human homologues.
Next, QRT–PCR reactions were optimized as a function of
magnesium concentration and primer annealing tempera-
ture in order to increase reaction specificity and efficiency.

The specificity was confirmed using melting-curve and gel-
electrophoretic analysis to confirm the presence of a single
band (results not shown). Furthermore, the band was
cloned using pCR II (Invitrogen), a T-overhang cloning vector,
and the identity of the amplicon was confirmed by DNA
sequencing. The following conditions were found to yield
high-quality results: 40–50 cycles of 30 s denaturation at
94 ◦C, 30 s primer annealing at 60 ◦C (β-tubulin III), 65 ◦C
(GAPDH, GFAP and MBP) or 68 ◦C (nestin), and 15 s
elongation at 72 ◦C. If specificity had posed a problem, the
method could have readily been converted into a TaqMan
or molecular beacon approach through the addition of a
third fluorescently labelled primer to increase amplification
specificity [20].

For quantification of unknown samples, standard curves
were generated during every run using linearized pCR II
plasmids containing the cloned amplicon as standards. Five
serial dilutions were analysed in duplicate for each control.
A plot of the threshold cycle at which amplification was
detected versus the logarithmic value of the input template
concentration was consistently linear (with a typical
R2 > 0.99). Control assays were also performed for each
set of primers in reactions containing no templates. These
assays yielded negligible signal, which suggests that DNA
contamination and primer–dimer formation were insignifi-
cant factors. Expression of specific mRNA can be normalized
to the total amount of RNA added to the RT reaction or to
the expression level of a housekeeping gene (such as β-actin,
β-2 microglobulin and GAPDH) that may presumably be
expressed at the same level from cell to cell. We attempted
both approaches, and normalization to total RNA amount
provided superior results as compared with GAPDH,
perhaps due to cell-to-cell variability in the expression of
housekeeping genes under different conditions [21,22]. All
results are therefore reported as normalized to total RNA.
The list of primer sequences is summarized in Table 2.

Analysis of neural markers expression by QRT–PCR
in the differentiation of neural progenitor cells
The QRT–PCR methods were subsequently validated by
quantifying the expression of lineage-specific markers during
progenitor differentiation. RNA from progenitors cultured
under differentiation conditions was collected at different
time points over 14 days. Figure 3 (topmost panel) shows
that nestin levels progressively increased until day 4 and then
decreased, a result likely due to a transient expansion of the
neural progenitor population prior to cell differentiation.
In contrast, the levels of β-tubulin III, a marker of cell
commitment to a neuronal fate, increased by day 4 and then
remained approximately constant. This result is consistent
with the immunostained cultures (Table 1), but the rapid
QPCR (quantitative PCR) method readily facilitates data

C© 2006 Portland Press Ltd



Quantitative RT–PCR analysis of neural progenitor cell state 5

Table 2 Oligonucleotide primers that were designed and used in the present study

Marker Sense primer 5′ → 3′ Product size (bp) Antisense primer 5′ → 3′

GAPDH GGTGTGAACGGATTTGGCCGTAT 267 CTCAGCACCAGCGTCACCCCATT
Nestin CCGGGTCAAGACGCTAGAAGA 196 CTCCAGCTCTTCCGCAAGGTTGT
β-Tubulin III GTCCGCCTGCCTCTTCGTCTCTA 93 GGCCCCTATCTGGTTGCCGCACT
GFAP CTCCTATGCCTCCTCCGAGACGAT 170 GCTCGCTGGCCCGAGTCTCTT
MBP CACAGAAGAGACCCTCACAGCGACA 136 CCGCTAAAGAAGCGCCCGATGGA

Figure 3 QRT–PCR measurement of the levels of marker gene expression
upon cell differentiation for 2 weeks

Nestin expression is an indicator of the relative levels of immature neural
cells, whereas the rise in β-tubulin III and GFAP expression represents
progressive neuronal and astrocytic differentiation respectively. Finally, MBP
expression indicates that oligodendrocyte marker expression initially rises in
the population, then decreases in relative proportion compared with the other
lineages in the culture. The bars represent the means and S.D. for two biological
duplicates that showed similar expression of the control gene (GAPDH).

acquisition at multiple time points to yield a dynamic view
of cell differentiation.

GFAP expression increased continuously throughout
the experiment, indicating that the fraction of cells differ-
entiating into an astrocytic lineage escalates with time. This
result is consistent with our immunostaining (Table 1) and
with previous reports [15] that indicate that a large per-
centage of the cells differentiate into astrocytes upon the
addition of serum. Finally, oligodendrocytic marker ex-
pression increased significantly by day 4 and then decreased.
This QRT–PCR result implies that a fraction of cells initially
differentiate into oligodendrocytes, but this fraction is soon
overtaken by astrocytes and neurons. This result contrasts
slightly with the immunostaining results, which indicate
a significant increase in the oligosaccharide marker O4
levels from day 0 to day 8. However, although the kinetics
of marker expression differ somewhat, both results are
consistent with a significant fraction of cells undergoing
oligodendrocytic expression.

In summary, the dynamic QPCR measurements,
coupled with the endpoint immunostaining results, indicate
that nestin-positive cells proliferate until day 4 and then
undergo tripotent differentiation.

Furthermore, this pilot experiment establishes QRT–
PCR as a valuable technique that can be applied to other
studies.

Preliminary QRT–PCR analysis of neural progenitor
culture conditions
For long-term expansion, it is important to maintain cells in
an immature state. Both to test the expansion conditions,
as well as to apply the QRT–PCR methodology to study
this problem, we analysed cell state under several growth
conditions. RNA was collected at different time points from
cells cultured for 4 days. During this time, cells were cultured
either without changing the medium (−, unfed cells) or with
medium change on day 2 (+, fed cells).

Cell number was counted prior to mRNA isolation
(Figure 4a), and it was observed that medium change pro-
moted increased cell counts, presumably due to the renewal
of one or more limiting components of the medium that
had been depleted. Since analysing cell growth provides only
a one-dimensional view of stem and progenitor cell state,
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Figure 4 Neural progenitor cells were cultured for 4 days without changing the medium (–) and with medium change on day 2 (+)

The effects of feeding were analysed for (a) the total viable cells and (b) the expression of differentiation markers. Samples that yielded statistically significant results
(P < 0.05 in a t test) are denoted with an asterisk. In (a), 6.0E + 05 = 6 × 105 etc.

we proceeded to analyse cell differentiation. Figure 4(b)
presents the QRT–PCR analysis of cell differentiation ob-
tained for cultures previously fed or not fed on day 2.
The marker levels were identical in all samples for the first
2 days (results not shown). However, the levels of nestin
and β-tubulin III were subsequently higher for the fed cells,
indicating that most of the cells were either maintained in
an immature state or slightly biased towards the potentially
desirable neuronal lineage. In contrast, the unfed cells ex-
perienced a significant increase in GFAP expression and a
slight but not significant increase in MBP. This result indicates
that a regular feeding schedule is necessary to maintain
cells in an immature state and prevent cell bias towards
an astrocytic lineage.

Discussion

Stem cells in general, and neural stem cells in particular,
have enormous potential for tissue regeneration. However,
stem-cell culture for tissue-engineering applications hinges

upon the ability to develop robust technology platforms
to expand cells in an immature state and subsequently to
partially differentiate them towards a specific lineage prior
to implantation. At this stage, these efforts should be
focused on multiple potential sources of neural stem cells;
therefore we are also studying embryonic stem cells and the
factors that might be crucial for the scale-up of their growth
and differentiation into neural precursors [23]. Regardless of
the cell source, a set of rapid, accurate and quantitative tools
to analyse cell state will aid in the optimization of growth and
differentiation conditions. Accordingly, QRT–PCR methods
have been developed here to quantify cell differentiation.

A relatively smaller, but growing, number of methods
is available to quantify cell differentiation. Immunostaining
has served as the standard molecular tool for analysing cell
phenotype [1–4,6,10,11,15,16,24], and the fraction of cells in
each differentiated state can be counted in stained cultures.
However, at best this is an extremely laborious method,
since the elaborate morphologies of most cytoskeletal
(GFAP, β-tubulin III and nestin) and cell surface (O4) markers
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of cell fate yield complex images whose quantification cannot
be readily automated, and large numbers of cells must be
counted to yield significant results. Nuclear markers of cell
fate could be much more readily quantified via automated
image analysis, owing to the comparatively simple shape of a
nucleus, but a nuclear marker (NeuN) is commonly available
only for neuronal fate [6,10,25].

An alternative powerful method, namely the use of a
lineage-specific promoter driving the expression of a re-
porter gene such as the GFP (green fluorescent protein),
enables the analysis of differentiation state in live cells.
However, this approach requires the delivery of the pro-
moter–reporter DNA construct to cells, either through
the development of transgenic animals or through the use
of an efficient gene-delivery vector. At this time, trans-
genic animals have been developed with one promoter–
reporter construct at a time, allowing the analysis of only
a single cell fate [26]. In addition, nestin promoter–GFP
reporter constructs have been successfully delivered using
adenoviral vectors [27], though adenoviral vectors also
express numerous viral genes that can perturb the cell state.

With the advent of real-time PCR cyclers, QRT–PCR
has emerged as a rapid and accurate means to quantify
the expression of specific mRNAs and therefore as a
powerful means to quantify stem and progenitor cell culture
state. PCR coupled with gel-electrophoretic analysis has
been effectively applied to monitor adult neural progenitor
differentiation [28], but the typically larger amplicons used
for semi-quantitative PCR must be redesigned for QPCR.
QRT–PCR has been implemented to monitor the expression
of several specific neuronal markers upon the differentia-
tion of the P-19 mouse embryonic carcinoma cell line
[29], but neural progenitor, astrocyte and oligodendrocyte
fates were not monitored. We report the development of
a complete set of QPCR methods to analyse numerous
neural cell fates, including neural progenitors (nestin), cells
committed to a neuronal fate (β-tubulin III), astrocytes
(GFAP) and oligodendrocytes (MBP). These optimized
methods have been utilized to analyse cell cultures under
conditions that promote differentiation, and the endpoint
QPCR results (Figure 3) compare well with immunostaining
results (Figure 2).

We next applied QPCR in an initial step to monitor
the effects of culture conditions on cell fate. Specifically, as a
preliminary and simple study, we began to explore the effects
of feeding schedule on cell function. Cells were cultured over
a 4 day period, and the medium was changed at the end of
day 2 in half of the cultures. Feeding on day 2 maintains high
levels of the immature progenitor marker nestin. In contrast,
the unfed cells experienced glial differentiation, as indicated
by a significant increase for the astrocyte marker GFAP and
a moderate increase in MBP. Depletion of a growth factor
or nutrient, or accumulation of a metabolic by-product, may

be responsible for a transition from cell proliferation to glial
differentiation. Future studies should focus on identifying the
limiting media component(s).

The methods developed, including standard approaches
to measure cell proliferation and viability coupled with a
set of QPCR methods to monitor neural cell fate, should
prove valuable for numerous applications. First, they should
aid in basic studies of signalling mechanisms that regulate
neural progenitor function. Additional markers can be added
to analyse markers of specific neurotransmitter neuronal
phenotypes for higher resolution differentiation information.
Secondly, these methods can readily be applied to classic
media and culture condition optimization approaches. For
example, high-throughput analysis of cell state can be
coupled with a Plackett–Burman multifactorial optimization
and other biochemical-engineering approaches [30–32] to
test the effects of pH, oxygen, growth factors, amino acids
and carbon source on cell proliferation and differentiation.

In summary, we have developed QPCR methods to
quantify neural stem and progenitor cell fate, a method that
yields accurate and rapid cell fate data. Finally, these methods
were applied in a preliminary investigation of cell-culturing
conditions that showed that fresh N2 medium is necessary
to maintain cells in a non-differentiated state. These methods
should prove valuable for studying how cellular signalling
mechanisms, media composition and culturing conditions
modulate and control stem-cell fate decisions.

Acknowledgments

We thank Smita Agrawal, Karen Lai, Narendra Maheshri
and Josh Leonard (all from the University of California at
Berkeley) for helpful technical discussions. This work was
funded by an Office of Naval Research (U.S.A.) Young Investi-
gator Award and National Institutes of Health (NIH) grant
EB003007 (to D.V. S.) and by Fundação para a Ciência e a
Tecnologia (FPCT), Portugal (grant POCTI/BIO/46695/2002
to J.M. S.C.). E.A. was supported by a Ph.D. fellowship from
the FPCT, Portugal (BD/6185/2001), A.O. by a Whitaker
Foundation Graduate Fellowship and M. J. R. by NIH grant
T32 GM08352.

References

1 Temple, S. (1989) Nature (London) 340, 471–473
2 Stemple, D. L. and Anderson, D. J. (1992) Cell (Cambridge,

Mass.) 71, 973–985
3 Ray, J., Peterson, D. A., Schinstine, M. and Gage, F. H. (1993)

Proc. Natl. Acad. Sci. U.S.A. 90, 3602–3606
4 Reynolds, B. A. and Weiss, S. (1992) Science 255, 1707–1710

C© 2006 Portland Press Ltd



8 E. Abranches and others

5 Lois, C. and Alvarez-Buylla, A. (1993) Proc. Natl.
Acad. Sci. U.S.A. 90, 2074–2077

6 Palmer, T. D., Markakis, E. A., Willhoite, A. R., Safar, F. and Gage,
F. H. (1999) J. Neurosci. 19, 8487–8497

7 Park, K. I., Ourednik, J., Ourednik, V., Taylor, R. M., Aboody, K. S.,
Auguste, K. I., Lachyankar, M. B., Redmond, D. E. and Snyder,
E. Y. (2002) Gene Ther. 9, 613–624

8 Pluchino, S., Quattrini, A., Brambilla, E., Gritti, A., Salani, G.,
Dina, G., Galli, R., Del Carro, U., Amadio, S., Bergami, A. et al.
(2003) Nature (London) 422, 688–694

9 Teng, Y. D., Lavik, E. B., Qu, X., Park, K. I., Ourednik, J.,
Zurakowski, D., Langer, R. and Snyder, E. Y. (2002) Proc. Natl.
Acad. Sci. U.S.A. 99, 3024–3029

10 Lai, K., Kaspar, B. K., Gage, F. H. and Schaffer, D. V. (2003)
Nat. Neurosci. 6, 21–27

11 Palmer, T. D., Ray, J. and Gage, F. H. (1995) Mol. Cell. Neurosci.
6, 474–486

12 Aberg, M. A., Aberg, N. D., Hedbacker, H., Oscarsson, J. and
Eriksson, P. S. (2000) J. Neurosci. 20, 2896–2903

13 Tanigaki, K., Nogaki, F., Takahashi, J., Tashiro, K., Kurooka, H. and
Honjo, T. (2001) Neuron 29, 45–55

14 Koblar, S. A., Turnley, A. M., Classon, B. J., Reid, K. L., Ware,
C. B., Cheema, S. S., Murphy, M. and Bartlett, P. F. (1998) Proc.
Natl. Acad. Sci. U.S.A. 95, 3178–3181

15 Palmer, T. D., Takahashi, J. and Gage, F. H. (1997)
Mol. Cell. Neurosci. 8, 389–404

16 Morrison, S. J., Csete, M., Groves, A. K., Melega, W., Wold, B.
and Anderson, D. J. (2000) J. Neurosci. 20, 7370–7376

17 Koller, M. R., Bender, J. G., Papoutsakis, E. T. and Miller, W. M.
(1992) Ann. N.Y. Acad. Sci. 665, 105–116

18 Kallos, M. S., Sen, A. and Behie, L. A. (2003) Med. Biol.
Eng. Comput. 41, 271–282

19 Lendahl, U., Zimmerman, L. B. and McKay, R. D. (1990) Cell
(Cambridge, Mass.) 60, 585–595

20 Bustin, S. A. (2000) J. Mol. Endocrinol. 25, 169–193
21 Nystrom, K., Biller, M., Grahn, A., Lindh, M., Larson, G. and

Olofsson, S. (2004) J. Virol. Methods 118, 83–94
22 Schmittgen, T. D. and Zakrajsek, B. A. (2000) J. Biochem.

Biophys. Methods 2000, 69–81
23 Abranches, E., Bekman, E., Henrique, D. and Cabral, J. M. S.

(2003) Biotechnol. Lett. 25, 725–730
24 Taupin, P., Ray, J., Fischer, W. H., Suhr, S. T., Hakansson, K.,

Grubb, A. and Gage, F. H. (2000) Neuron 28, 385–397
25 Mullen, R. J., Buck, C. R. and Smith, A. M. (1992) Development

116, 201–211
26 Yamaguchi, M., Saito, H., Suzuki, M. and Mori, K. (2000)

Neuroreport 11, 1991–1996
27 Keyoung, H. M., Roy, N. S., Benraiss, A., Louissaint, Jr, A., Suzuki,

A., Hashimoto, M., Rashbaum, W. K., Okano, H. and Goldman,
S. A. (2001) Nat. Biotechnol. 19, 843–850

28 Sakurada, K., Ohshima-Sakurada, M., Palmer, T. D. and Gage,
F. H. (1999) Development 126, 4017–4026

29 Lowe, B., Avila, H. A., Bloom, F. R., Gleeson, M. and Kusser, W.
(2003) Anal. Biochem. 315, 95–105

30 Collins, P. C., Nielsen, L. K., Patel, S. D., Papoutsakis, E. T. and
Miller, W. M. (1998) Biotechnol. Prog. 14, 466–472

31 Zeng, A. P., Deckwer, W. D. and Hu, W. S. (1998) Biotechnol.
Bioeng. 57, 642–654

32 Dowd, J. E., Kwok, K. E. and Piret, J. M. (2001) Biotechnol.
Bioeng. 75, 252–256

Received 8 November 2005; accepted 9 December 2005
Published as Immediate Publication 9 December 2005, doi:10.1042/BA20050218

C© 2006 Portland Press Ltd


