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ABSTRACT

The neurosphere assay can detect and expand neural stem
cells (NSCs) and progenitor cells, but it cannot discrimi-
nate between these two populations. Given two assays
have purported to overcome this shortfall, we performed
a comparative analysis of the distribution and frequency
of NSCs and progenitor cells detected in 400 �m coronal
segments along the ventricular neuraxis of the adult
mouse brain using the neurosphere assay, the neural
colony forming cell assay (N-CFCA), and label-retaining
cell (LRC) approach. We observed a large variation in the
number of progenitor/stem cells detected in serial sections
along the neuraxis, with the number of neurosphere-
forming cells detected in individual 400 �m sections vary-
ing from a minimum of eight to a maximum of 891
depending upon the rostral-caudal coordinate assayed.
Moreover, the greatest variability occurred in the rostral

portion of the lateral ventricles, thereby explaining the
large variation in neurosphere frequency previously re-
ported. Whereas the overall number of neurospheres
(3730 � 276) or colonies (4275 � 124) we detected along
the neuraxis did not differ significantly, LRC numbers
were significantly reduced (1186 � 188, 7 month chase) in
comparison to both total colonies and neurospheres.
Moreover, approximately two orders of magnitude fewer
NSC-derived colonies (50 � 10) were detected using the
N-CFCA as compared to LRCs. Given only 5% of the
LRCs are cycling (BrdU�/Ki-67�) or competent to divide
(BrdU�/Mcm-2�), and proliferate upon transfer to cul-
ture, it is unclear whether this technique selectively de-
tects endogenous NSCs. Overall, caution should be taken
with the interpretation and employment of all these tech-
niques. STEM CELLS 2008;26:979 –987

Disclosure of potential conflicts of interest is found at the end of this article.

INTRODUCTION

It is now clear that the adult mammalian brain contains endog-
enous neural stem [1–3] and progenitor cells (together termed
precursor cells) that replace lost populations of cells in at least
two regions of the brain, the olfactory bulb and the hippocampus
[4–8]. In light of continued neurogenesis and the unexpected
ability of resident precursors to become activated following
injury [9, 10], efforts are now focused on characterizing these
cells so as to harness their regenerative capacity. Because of
their rarity, an essential first step in understanding what factors
regulate the actions of endogenous adult neural stem cells
(NSCs) and their progeny is the elucidation of cell-specific
markers.

Attempts to purify populations of endogenous adult NSCs
from more differentiated, yet proliferative cell types (i.e., pro-
genitor cells) based on their unique repertoire of cell surface
antigens [11–14] or differential dye efflux [15, 16] using flow
cytometry and the neurosphere assay (NSA) as a readout for
stem cell activity have achieved only a moderate level of suc-

cess. This is largely attributed to a combination of poor enrich-
ment and, as discussed below, the overestimation of NSC num-
bers based on the erroneous belief that a one to one relationship
exists between neurospheres and NSCs [17]. Furthermore, these
purification strategies have typically been based on negative
selection, thereby precluding the tracking of NSCs in vivo.

Two approaches have recently been described which may
address these shortfalls and enable one to distinguish NSCs
from more committed progenitor cells. The first is based on the
concept that tissue stem cells can be identified by their relative
mitotic quiescence [18–21]. By labeling the majority of a pop-
ulation of mitotically active cells with bromodeoxyuridine
(BrdU) or another suitable marker of dividing cells, then chasing
these cells for a period of time so as to dilute the label from fast
cycling progenitor cells [22, 23], one can identify infrequently
dividing or label-retaining cells (LRCs). This approach has been
used to identify putative stem cells in the mammary gland, hair
follicles, kidney [18, 20, 21, 24], and most recently, in the adult
mouse brain [25, 26].

The second approach is an in vitro assay termed the neural
colony forming cell assay (N-CFCA) [27], which is similar to
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the NSA in that it employs a defined serum-free medium.
However, it allows NSC-derived colonies to be discriminated
from those not derived from NSCs based on the size of colony
as only cells comprising the largest colonies (those �2.0 mm in
diameter) exhibit the cardinal properties of bona fide NSCs in
vitro. To date, the N-CFCA has been validated using both
embryonic and adult-derived neural cells [28], and has been
employed to demonstrate that the adult hippocampus does not
contain a population of NSCs [29].

As a detailed investigation into the frequency and distribu-
tion of sphere-forming cells (SFCs) along the ventricular
neuraxis has yet to be conducted, and in light of the novelty of
the LRC approach and N-CFCA, we sought to perform a de-
tailed analysis comparing these methodologies so as to deter-
mine their reliability in detecting populations of NSCs and their
more restricted progeny (i.e., progenitor cells).

MATERIALS AND METHODS

Animals and Housing Conditions
Adult (6–8 weeks of age) male CBA mice (Animal Resource
Centre, Nedlands, WA, http://www.arc.wa.gov.au) were housed
with unlimited access to food and water, and treated in accordance
with the Australian Code of Practice for the Care and Use of
Animals for Scientific Purposes. The University of Queensland
Animal Ethics Committee approved all experiments performed
here.

Neural Cell Cultures
Naı̈ve adult (6–8 weeks) CBA male mice were sacrificed by cer-
vical dislocation, their brains harvested (olfactory bulbs intact) and
cut coronally into 400 �m sections using a Leica VT 1,000s
vibratome. Initial experiments demonstrated no significant differ-
ence in the distribution, frequency, or overall number of spheres/
colonies generated in males versus females. As such, only male
mice were used for all subsequent experiments.

Individual vibratome sections were collected serially starting at
4.28 mm rostral to Bregma and continuing to the level of the fourth
ventricle [30]. Due to tissue degradation and abundant cell death it
was not feasible to harvest and generate cultures from all 23
sections in a single brain. Rather, serial vibratome sections were
harvested from either the rostral (sections 3–9), mid (sections
9–15), or caudal portions (sections 15–25) of each brain. Three
brains were harvested for each of the rostral, mid, and caudal
portions on three separate occasions (n � 3). Sections 9 and 15
represent overlapping sections (internal controls) and therefore n �
6. To ensure accuracy within and between experiments, every brain
was sectioned at least to section 13, where the joining of the anterior
commissure occurs (Bregma �0.14). Those brains where this land-
mark did not occur at section 13 were rejected.

The entire periventricular regions (PVR; a 3–5 cell thick region
adjacent to the ependymal layer of the ventricles) was micro-
dissected from each section under x2 magnification using an ultra-
fine scalpel. Harvested tissue was enzymatically brought to single
cell suspension, filtered through a 40 �m nylon strainer, and ini-
tially cultured at a density of 3,500 viable cells/cm2 in 6-well plates
so as to determine the number of primary neurospheres generated in
each 400 �m section as previously described [31]. In all cases, PVR
tissue from individual sections was treated separately (i.e., never
pooled). Whereas cell density varied between serial sections in
subsequent experiments according to the prevalence of sphere form-
ing cells, identical seeding densities were used in both the NSA and
N-CFCA for individual matched coronal sections. In the case of the
N-CFCA, single cell suspensions were enzymatically generated (as
above), a cell count performed, and the appropriate cell numbers
mixed with the serum-free N-CFCA medium containing supple-
ments as described in the Neural Colony Forming Cell Assay kit
(Stem Cell Technologies, Vancouver, BC, Canada, http://www.
stemcell.com). Epidermal growth factor (EGF, 20 ng/ml, BD Bio-

sciences, Australia, http://www.bdbiosciences.com) and basic fibro-
blast growth factor (bFGF, 10 ng/ml, Roche, Basel, Switzerland,
http://www.roche.com) were employed in all in vitro assays so as to
include both EGF- and bFGF-responsive precursor cells.

Primary neurospheres were counted after 7–10 days in vitro
(DIV) depending upon the growth rate of the particular cell popu-
lation. Cultures were monitored until the average sphere size for the
majority of the culture was about 180 �m (typically 8 DIV), at
which time they were scored. As described in the product disclosure
statement, cells cultured in the N-CFCA were fed at seven and 14
DIV, then counted at 21 DIV to allow for the maximal growth of the
cells/colonies to enable a clear and obvious distinction of colony
sizes. In both the neurosphere assay and the N-CFCA, only those
clusters with a minimum diameter of 50 �m were scored.

To detect BrdU-immunoreactive (BrdU-IR) neurosphere-de-
rived cells, three independent neurosphere cultures were generated
from individual BrdU-recipient mice. Primary neurospheres were
transferred 4 DIV from a T-25 flask to a single well of a 24-well
plate pre-coated with cell-Tak (BD Biosciences). Following a 15
minute incubation at 37°C, neurospheres were fixed by the addition
of 4% paraformaldehyde for 10 minutes, rinsed and processed for
BrdU-IR cells as described above for tissue sections.

BrdU Injection Protocol and Tissue Processing
Adult (6–8 weeks of age) male CBA mice were administered
intraperitoneal (i.p.) 150 �L (9 mg/ml, 45 mg/kg body weight)
injections of BrdU (Sigma, St. Louis, http://www.sigmaaldrich.
com) dissolved in 0.07 N NaOH in 0.9% NaCl every 2 hours for a
period of 48 hours. Animals were sacrificed 30 minutes, or 1, 2, 3,
4, 6, 9, 12, 20 weeks after the last injection. Two separate cohorts
of mice received BrdU injections and brains from three mice were
processed at each time point.

After the appropriate survival period, mice were deeply anes-
thetized with sodium pentobarbitone (260 mg/kg), then transcardi-
ally perfused with 0.9% saline followed by 4.0% paraformaldehyde
in 0.1 M phosphate buffer (pH 7.4). Brains were harvested, post-
fixed, and cryoprotected as previously described [7]. Serial frontal
sections (14 �m) were cut (collecting every third section) with a
Leica CM3050 cryostat, and mounted on SuperFrost Plus slides,
dried at room temperature and stored at �20°C until needed.
Sections were processed for dual-label BrdU immunocytochemistry
essentially as previously described [7] labeling with the appropriate
primary antibody; anti-S100� (1:500; Dako), anti-neuronal nuclei
(NeuN, 1:100; Chemicon, Boronia, Australia, http://www.chemicon.
com), anti-Ki67 (1:100; Novacastra, Newcastle, U.K., http://www.
novocastra.co.uk), anti-BrdU (Accurate Chemical, Westbury, U.K.,
http://www.accuratechemical.com), anti-myelin basic protein
(MBP, 1:250; Chemicon), anti-CD31, anti-CD45 (BD Bioscience,
1:150), and anti-mini-chromosomal marker-2 (Mcm-2, 1:200; Santa
Cruz Biotech, Santa Cruz, CA, http://www.scbt.com), all diluted in
0.1 M PBS � 0.3% Triton � 10% normal goat serum. Sections
were rinsed and then incubated with the appropriate secondary
antibodies, goat anti-rabbit IgG (AlexaFluor 568, 1:500; Molecular
Probes, Eugene, OR, http://probes.invitrogen.com), goat anti-mouse
(AF 568, 1:500; Molecular Probes) or donkey anti-rat (AF 488,
1:300; Molecular Probes) for 1 hour at room temperature. Following
completion of the first label, sections were processed for BrdU
immunoreactivity. Coverslips were mounted using FluorSave (Cal-
biochem, San Diego, http://www.emdbiosciences.com).

For each individual brain harvested at each time point, the
number of LRCs was determined for 23 individual 400 �m regions
by subtracting the mean number of BrdU-IR differentiated cells
(i.e., BrdU/NeuN, BrdU/S-100, BrdU/MBP) from the mean number
of BrdU-IR cells detected in five individual tissue sections (14
�m/section), spanning a 420 �m segment of the brain.

Images were captured on a Canon EOS digital camera using an
Olympus Axiophot upright fluorescence microscope. Brightness
and contrast were adjusted using Adobe Photoshop CS3.

Statistical Analysis
Factorial design analysis of variance (ANOVA) or Student’s two
tailed, unpaired, t-tests were used to analyze data as appropriate
(Prism 4, Graphpad Software, San Diego, http://www.graphpad.
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com). Significant ANOVA values were followed by post hoc com-
parisons of individual means using the Tukey method where appro-
priate. All values are expressed as mean�standard error of the mean
unless otherwise indicated. The level of significance for all com-
parisons was p � .01.

RESULTS

Frequency and Distribution of Neurosphere-
Forming Cells
Earlier work has demonstrated that constitutively proliferating
cells [32, 33] and SFCs reside along the entire PVR, a 3–5 cell
layer thick region of tissue directly adjacent to the ependymal
lining of the lateral, third, and fourth ventricles [34, 35] as well
as the olfactory bulb [36]. Whereas cell genesis and neural
precursor cells have been reported in a number of regions of the
adult brain outside the PVR [37], the PVR represents the only
region where adult NSCs have been unequivocally demon-
strated to reside [35]. As such, we restricted our analysis of the
frequency of NSCs and more restricted progenitor cells to the
PVR of the adult brain.

To determine the frequency of SFCs, brains were harvested
from naı̈ve adult (6–8 week) mice and serially vibratome sec-
tioned (400 �m/section) starting at the level of the olfactory
bulb (4.28 mm rostral to Bregma [30]). The PVR was then
micro-dissected from each section, enzymatically dissociated,
and the resulting single cell suspension transferred to neuro-
sphere culture conditions using the mitogens EGF and bFGF [1,
31]. Both mitogens were employed here and in all subsequent in
vitro assays so as to include both EGF and bFGF-responsive
precursor cells. After 7-10 DIV, the absolute number of SFCs in
each region were counted and plotted according to their rostral-
caudal distribution. As shown in Figure 1 and consistent with
prior work [34, 36], SFCs were detected in the olfactory bulb
and throughout the ventricular neuraxis. Also consistent with
prior work, neither the absolute number (Fig. 1A) nor frequency
(absolute number of SFCs/104 cells plated, Fig. 1B) of SFCs
was uniform along the length of the neuraxis [34, 36]. Rather,
the greatest number and frequency of SFCs were detected in
rostral (sections 9–14), rather than caudal (sections 15–19)
portions of the lateral ventricles. Indeed, only �11% of the total
number of SFCs detected (3,730 � 276 in total, n � 3) were
found outside this region.

Frequency and Distribution of
Colony-Forming Cells
Concurrent with the determination of SFC frequency, we also
cultured PVR cells harvested from anatomically matched vi-
bratome sections in the N-CFCA [27], once again using the
mitogens EGF and bFGF. After 21 DIV, the overall number of
colonies generated from tissue harvested from each section was
counted and the results plotted according to rostral-caudal po-
sition (Fig. 2A). Attesting to the detection of similar populations
of neural precursor cells, no significant difference was observed
between the overall number of SFCs (3,730 � 276, Fig. 1A) and
colony-forming cells (4,275 � 124, p � .08, n � 3, Student’s
t-test). Indeed, the distribution and frequency of colony gener-
ation mirrored almost exactly that of neurosphere generation
along the entire neuraxis, with a section-by-section comparison
of the absolute number of sphere-forming versus colony-form-
ing cells revealing that only sections 3, 6, 7, 21 and 23 differed
significantly (Fig. 2A, p � .01, n � 3, Student’s t-test).

Because of the ability of the N-CFCA to discriminate be-
tween neural stem and progenitor cells based on the proliferative
capacity of NSCs [28, 29], we also measured the diameter of all

of the colonies generated, and plotted the number of large
colonies (i.e., �2 mm) detected in each section (Fig. 2B). As
expected, because of the relative rarity of NSCs as compared to
more differentiated proliferative progenitors, the total number of
large (i.e., NSC-derived) colonies represented only a fraction
(1.2% or 50 � 10, n � 3) of the overall number of colonies
detected. Somewhat unexpectedly, large colonies were not de-
tected in four regions along the ventricular neuraxis (sections
10, 20, 23 and 25) corresponding to plates 20, 55, 65, and 69 of
the mouse atlas [30] respectively.

Whereas the absence of large colonies in the more caudal
sections may be explained in part by the low number of colony-
forming (Fig. 2A) and SFCs (Fig. 1A) in the region(s), this
cannot explain their absence in the rostral portion of the lateral
ventricle. Indeed, an average of 563 � 14 colonies (Fig. 2A,
mean � SEM, n � 3) and 483 � 84 neurospheres (Fig. 1A, n �
3) were generated in this 400 �m section (section 10). There-
fore, to investigate whether this observation could be attributed
to a peculiarity in the N-CFCA, we generated neurosphere

Figure 1. Distribution and frequency of neurosphere-forming cells
along the ventricular neuraxis. Histogram(s) showing the absolute num-
ber (A) and frequency (B) of primary neurospheres that can be generated
from PVR cells in individual serial vibratome sections (400 �m) starting
at the level of the olfactory bulb (section 3, 4.28 mm rostral to Bregma).
The majority of SFCs are located within the portion of the PVR
traditionally dissected (i.e., section 9–14; start of the rostral migratory
stream to the level of the optic chiasm). The large variation in the
absolute number of SFCs within this region [253 � 72 (section 9, n � 6)
versus 676 � 76 (section 11, n � 3)] coupled with the significant
decline in the number of SFCs as one proceeds from the lateral ventricle
(section 11) towards the rostral migratory stream (section 8, p � .01,
Student’s t-test) explains the variation in the number of neurospheres
previously reported by individual groups employing the same basic
technique (Mean � SEM, n � 3 mice harvested for each section except
sections 9 and 15, where n � 6).
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cultures from PVR tissue harvested from 400 �m vibratome
sections 9–13 (n � 3 cultures per section) and assayed for the
cardinal stem cell properties of extensive proliferation and self-
renewal by attempting to expand these cultures for at least five
passages. Consistent with an absence of bona fide NSCs in the
region, none of the neurosphere cultures generated from section
10 could be passaged more than three times (n � 3), whereas all
of those generated from adjacent sections could be serially
passaged a minimum of five times.

Frequency and Distribution of LRCs Along the
Ventricular Neuraxis
The retention of BrdU is considered adequate to quantify pro-
liferative (yet relatively quiescent) NSCs as opposed to rapidly
dividing PVR progenitors, which are not detected following a
sufficiently long chase period due to the dilution of the label
over time, but also because of migration away from the region,
or cell death [5, 6, 38–40]. Based on a cell cycle time of 12.7

hours (4.2 hour S-phase) for progenitors and approximately 15
days for NSCs [2, 39–42], a brief labeling period (i.e., injec-
tions every 2–3 hours for a total of 12 hours) is sufficient to
label all of the proliferating progenitors and a fraction of NSCs,
with the quantification of labeled NSCs possible within 30 days.
By employing this regime - BrdU injections every 3 hours for 12
hours then sacrificing mice 30 days after the last injection, van
der Kooy and colleagues [26] recently reported the ability to
detect and enumerate NSCs. We chose a slightly modified
injection protocol, pulsing mice with BrdU every 2 hours for 48
hours, which extended the window of detection from 12–48
hours so as to label a greater number of slowly dividing cells.
This protocol has previously been demonstrated to provide a
more comprehensive picture of the mitotic activity of cells in the
hippocampus (with no detectable cytotoxicity) as compared to
standard single pulse methods [7]. To ascertain whether a 30 day
chase remained sufficient to identify LRCs, we counted the
number of BrdU-IR cells in a representative region of the rostral
lateral ventricles over a 20 week chase period. At each time-
point the mean number of BrdU-IR cells detected in the PVR of
equivalent tissue sections (n � 3 mice for each time point) was
calculated and plotted as a function of time. As illustrated in
Figure 3, we observed a rapid initial decline in BrdU-IR cells
during the first 3 weeks post-injection, presumably reflecting the
dilution of the label in constitutively proliferating progenitor
cells. The number of BrdU-IR cells then remained unchanged
until 12 weeks post-injection, when a second significant decline
was observed (p � .009, Inset Fig. 3). As no further decline was
observed at the final time point assayed (i.e., 20 weeks), we
considered the 12 week chase period a reasonable starting point
from which to determine the number of LRCs.

Accordingly, a second cohort of mice received BrdU injec-
tions over 48 hours (as above) and was sacrificed at chase
periods of 3, 5, or 7 months following the last injection. Unlike
preliminary experiments where BrdU-IR cells were enumerated
from a single representative coordinate (Fig. 3), two major
changes in methodology were adopted here. First, rather than

Figure 2. Distribution and frequency of colony-forming cells along the
ventricular neuraxis. (A) Histogram showing the overall number of
colonies (regardless of size) detected in individual serial vibratome
sections (400 �m) starting at the level of the olfactory bulb (section 3,
4.28 mm rostral to Bregma). Similar to the findings for SFCs (Fig. 1A),
colony number declines significantly as one proceeds rostrally from
section 11 to section 8 (p � .01, n � 3, Student’s t-test). Colony-
forming cell frequency was significantly different from SFC frequency
only in sections denoted by an asterisk (p � .01, n � 3, Student’s t-test).
The total number of colonies (4,275 � 124, mean � SEM, n � 3) was
not significantly different from the overall number of SFCs detected
(p � .08, Student’s t-test). (B) Frequency of large (� 2 mm) colonies
detected along the neuraxis. Approximately 54% of the 50 � 10
(mean � SEM, n � 3) NSC-derived colonies detected along the
neuraxis are located in sections 9–14. Unlike SFCs (Fig. 1A), large
colonies were not detected in sections 10, 20, 23, or 25 suggesting an
absence of NSCs in these regions.

Figure 3. Quantitative analysis of the decline in BrdU-IR cells in the
rostral PVR over increasing survival times. The number of BrdU-IR
cells present in a 14 �m section (�1.18 mm from Bregma) of the PVR
of the rostral lateral ventricle was determined for a 20 week chase
period. A decline in the number of BrdU-IR cells was observed over
each of the first 3 weeks post-injection (p � .01, n � 3 each time point,
Student’s t-test), leaving only 6.05% of the original population (358.3 �
4.8 vs. 21.7 � 0.5, mean � SEM, n � 3). A second significant decline
in the number of BrdU-IR cells was observed at 12 weeks as compared
to the number of BrdU-IR cells detected at 3 weeks (upper bar, p � .009,
n � 3, Student’s t-test) and 9 weeks (lower bar, p � .04, n � 3,
Student’s t-test), after which no change was detected. Note: Y-axis
range reduced in inset to highlight 3–20 week values.

982 Mapping Precursors in the Adult Mouse Brain
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examining a single coordinate, serial cryostat sections were
harvested from three mice at each time point and processed so
as to overlap with the 23 individual 400 �m segments examined
in the in vitro experiments described above. Second, rather than
simply enumerating BrdU-IR cells, which would include differ-
entiated cell types, we determined the number of LRCs by
subtracting the mean number of BrdU-IR cells expressing dif-
ferentiated cell markers for neurons (BrdU/NeuN), astrocytes
(BrdU/S-100), oligodendrocytes (BrdU/MBP), as well as non-
neural cell types including endothelial cells (BrdU/CD31) and
blood cell types (BrdU/CD45) from the mean number of
BrdU-IR cells detected in the PVR. Glial fibrillary acidic protein
(GFAP) was not employed as a marker for differentiated cells
here because ofthe potential exclusion of neural stem cells [41],
and more practically because ofthe filamentous nature of the
labeling, which makes the identification of double-label coinci-
dences (i.e., BrdU/GFAP) exceedingly difficult. Somewhat sur-
prisingly, the fraction of BrdU-labeled cells immunoreactive for
differentiated cell types did not exceed 3% at any time point or
coordinate, nor did we detect any newly generated oligodendro-
cytes within the PVR (Fig. 4). We also failed to detect an
appreciable number (i.e., � 0.1%) of BrdU-IR endothelial cells
(CD31) or hematopoietic cell types (using the pan-blood cell
marker CD45) within the PVR.

Consistent with our preliminary observation of BrdU-IR
cells, we did not detect a significant decline in LRC number
between the 3 and 5 month chase periods at the representative
coordinate previously examined for BrdU-IR cell decline
(�1.18 Bregma, Fig. 3A), nor within the 400 �m region con-
taining the representative coordinate (i.e., section 10, Fig. 4)
(p � .02, n � 3). However, a significant decline in the absolute
number of LRCs detected throughout the neuraxis at 3 versus 5
month (6,953 � 190 vs. 5,292 � 102, p � .01) and 5 versus 7
month (5,292 � 102, p � .01 vs. 1,186 � 188, p � .001, n �
3, Student’s t-test) chase periods was apparent (Fig. 4). Of
interest, a comparison of LRC frequency in individual sec-
tions across all three chase periods (as opposed to the entire
neuraxis) revealed that the number of LRCs in only four
sections (10 –11 and 19 –20) declined significantly across all
three chase periods.

Proliferative Potential of LRCs
Whereas technical difficulties relating to dilution of the BrdU
label over time prevented us from using the N-CFCA to test
directly what proportion of LRCs were stem cell derived (i.e.,
�2 mm), it was possible to determine what proportion of LRCs
could generate neurospheres [43]. Accordingly, brains were
harvested and sectioned from BrdU-injected mice 5 months
after the last injection. Cells were harvested from the PVR in a
single vibratome section (section 11), where the frequency of
sphere-forming (676 � 129), colony-forming (891 � 87), and
label-retaining cells (931 � 115) were previously demonstrated
not to differ significantly (p � .05, n � 3, Student’s t-test), and
cultured in the neurosphere assay. After an abbreviated period in
culture (4 vs. 7-10 DIV so as to limit the dilution of the BrdU
label) the cultures were fixed and processed so as to detect
BrdU-IR cells within individual neurospheres. As illustrated in
Figure 5, 37 primary neurospheres of the 811 generated (4.52 �
0.44%, n � 3) contained at least one BrdU-IR cell, suggesting
these were LRC-derived. Because of this unexpectedly low
number we re-examined cryostat sections harvested from the
same cohort of 5-month-chase mice (and from the same region),
performing double-label immunocytochemistry for BrdU and
Ki-67, a protein present during all active phases of the cell cycle
(G1, S, G2, M) but absent in resting (G0) cells [44], to determine
what percentage of LRCs were mitotically active. We also

double-labeled for BrdU and Mcm-2, a marker previously em-
ployed to detect slow-cycling putative NSCs in situ [38] as it

Figure 4. Distribution of label-retaining cells along the ventricular
neuraxis. Brains were harvested and serially sectioned from BrdU-
injected mice at 3 months (A), 5 months (B), and 7 months (C)
following the last injection (n � 3 mice for each time point). The
number of LRCs was determined for individual 400 �m regions by
subtracting the mean number of BrdU-IR differentiated cells (i.e., BrdU/
NeuN, BrdU/S-100, BrdU/MBP; Differentiated cells) from the mean
number of BrdU-IR cells (BrdU-IR cells) detected in five individual
tissue sections, spanning a 420 �m segment of the brain. Similar to the
findings for SFCs (Fig. 1A), the majority of LRCs were located in
sections 9–14 (63%, 68%, and 78% for 3, 5, and 7 month chase periods,
respectively). A significant decline was observed in the overall number
of LRCs between 3 (6,953 � 351, mean � SEM n � 3) and 5 month
(5,292 � 102, n � 3) (p � .01, Student’s t-test), and 5 versus 7 month
(1,186 � 188, n � 3) chase periods (p � .001, Student’s t-test). Note:
positive error bars reflect mean � SEM for differentiated cells, whereas
negative error bars reflect mean � SEM for BrdU-IR cells.
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labels a pre-replication complex protein found in cells compe-
tent for the initiation of replication but not actively dividing (i.e.,
cells in G0 and G1) [45, 46]. Consistent with approximately 5%
of LRCs possessing the capacity to generate neurospheres,
5.49 � 1.0% (n � 3) of BrdU-IR cells detected in the PVR 5
months following the last injection were double-labeled with
Ki-67, while 7.69 � 2.1% (n � 3) of BrdU-IR cells were
double-labeled with Mcm-2. Taken together, these data suggest
that only a small minority of the LRCs (approximately 5–10%)
present in this region of the ventricular wall are actively cycling,
or are competent to divide 5 months after their labeling with the
mitotic cell marker BrdU.

DISCUSSION

Consistent with previous work, we detected SFCs in the PVR of
the olfactory bulb [36], lateral, third and fourth ventricles [2, 34,
47]. Also consistent with previous work [34], but described in
much greater detail (Fig. 1, Fig. 6), we found that the absolute
number and frequency of SFCs varies considerably along the
neuraxis. These differences are most striking in the rostral
portion of the lateral ventricle, the region originally harvested by
Reynolds and Weiss [1] and most frequently used in subsequent
studies employing the neurosphere assay. This serves to explain
the wide range of primary neurosphere numbers generated by
different groups employing the same basic tissue harvest tech-
niques.

A brief survey of published work revealed that the number
of primary neurospheres generated in a typical dissection (i.e.,
encompassing sections 9–14) ranges between 150 and 936 [36,
41, 42, 48], whereas we generated approximately 2,700 primary
neurospheres from the same region. Several factors may account
for this. First, our primary dissection encompasses essentially
the entire PVR, resulting in a greater number of SFCs harvested.
Second, our precise dissection of the PVR minimizes unwanted

parenchymal tissue, which inhibits primary sphere formation
(data not shown). It also results in smaller pieces of tissue,
enabling abbreviated enzymatic digestion and trituration, mini-
mizing cell loss. Our defining criteria of a neurosphere (i.e.,
those clusters of cells �50 �m) varies from that of previous
reports, which enumerated those spheres �50 �m [16], �100
�m [25], or �120 �m [14]. These discrepancies highlight the
need for greater diligence and improved techniques when gen-
erating adult neurospheres.

As illustrated in Figure 6, the distribution and frequency
of colony formation essentially mirrored that of neurosphere
generation along the entire neuraxis. Given no significant
difference was found between the total numbers of colonies/
spheres generated (4,275 � 124 vs. 3,730 � 276, p � .08,
n � 3), these results suggest that each assay is detecting
overlapping proliferative populations. Based on prior work
demonstrating that only those colonies �2 mm are NSC-
derived [27] (i.e., exhibit cardinal stem cell attributes in
vitro), we now conclude that NSC-derived colonies comprise
approximately 1.2% of the total colonies detected (50 � 10
of 4,275 � 124 detected, Fig. 2B). To our knowledge only
one prior estimate of the number of endogenous NSCs in the
PVR has been reported. Morshead and colleagues [39] per-
formed an arduous in vivo lineage analysis of individual
clones that had been labeled with a replication-deficient
retrovirus (containing a �-galactosidase reporter gene). By
determining the incidence of the largest clones (i.e., those
containing 28 cells or more, which were considered NSC-
derived) within the PVR following the ablation and repopu-
lation of the subependyma (during which NSCs are activated
[2]), they calculated the number of NSCs that were present in
the forebrain to be 1,238, constituting 0.4% of the entire
subependymal population. This figure is most likely an over-
estimate, given their calculations are based on the assumption
that 50%, which represents the maximum value possible in
light of the data presented of normally quiescent endogenous

Figure 5. A minority of LRCs can divide to
generate primary neurospheres or retain the
ability to divide. (A, B) Photomicrographs of
representative primary neurospheres gener-
ated from BrdU-recipient mice 5 months
post-injection containing BrdU-IR cells (ar-
rows). (Inset) Neurosphere shown in (B)
counterstained with DAPI (blue). (C) Cryo-
stat tissue section (14 �m) of the PVR along
the lateral wall of the left lateral ventricle
also taken from BrdU-recipient mice 5
months post-injection. Although numerous
BrdU-IR cells (red) are present in the PVR,
only one is also immunoreactive for Mcm2
(green) and thus competent to divide at the
time of harvest. Scale bars � 20 �m.
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NSCs are activated 2 days following the depletion of consti-
tutively proliferating cells [2].

Rather than being located throughout the neuraxis, we now
report that four regions along the rostral-caudal axis of the PVR
(sections 10, 20, 23 and 25, Fig. 2B) are devoid of NSCs (i.e.,
large colonies). This finding was especially unexpected (yet
consistent with the absence of a 1:1 relationship between SFCs
and NSCs [17]) in section 10, given the large number of primary
neurospheres 483 � 84 (Fig. 1A) that were generated from the
region. The inability of neurosphere cultures generated from this
section to be serially passaged over an extended period of time
suggests this is not a peculiarity of the N-CFCA, but rather, may
reflect an absence of NSCs [29, 49]. The significance of these
“gaps” along the neuraxis is unclear. It is tempting to believe
that their location is not random, as sections 10, 20 and 25
correspond to the coordinates of the cephalic flexures in the
developing brain, becoming the rostral boundary of the ventric-
ular neuraxis in the forebrain (�1.34 Bregma), midbrain (�2.92
Bregma) and hindbrain (�5.34 Bregma) in the adult. If these
“gaps” represent boundaries established during development, it
suggests that same factors that control regional specialization
influence the generation of distinct populations of NSCs in the
adult. Further study into the significance of this finding is
warranted, but this lies outside the scope of the present study.

Our analysis of the ability of the LRC technique to discrim-
inate between stem and progenitor cells did not provide suffi-
cient evidence to warrant a definitive conclusion to be made. In
other organs in the body, several disparate lines of evidence
have been gathered to support the claim that LRC technology
can be used to selectively identify or purify tissue stem cells. For
instance, in the hair follicle, LRCs represent a rare population of
cells that is activated in situ following injury, generating differ-
entiated progeny and ultimately regenerating the tissue [20, 50].
In addition, when transferred to culture, LRCs proliferate to
form clusters or “spheres”, which contain multiple differentiated
cell types [51]. Taken together, these published observations

argue that stem cells are identified as part of the LRC popula-
tion, but they do not support the claim that this technique can be
used to selectively identify stem cells, specifically enrich for
stem cells, or that all LRCs are stem cells.

The same is true of the LRCs identified here. We demon-
strate that they represent a rare population of cells (Fig. 3)
residing in the NSC-enriched PVR, approximately 5% of which
are slow cycling (BrdU�/Ki-67�) or relatively quiescent
(BrdU�/Mcm-2�), and proliferate upon transfer to culture (Fig.
5). Unfortunately, given that a) the phenotype of a NSC is
currently unknown, b) NSC-specific markers are unavailable, c)
the sorting techniques previously reported to enrich for NSCs
used the neurosphere assay as a read-out for stem cell activity,
and d) it remains unclear whether the N-CFCA (or other tissue
culture techniques) accurately detects the complement of endog-
enous NSCs found in the adult mammalian brain, little more can
be concluded.

Whereas only a portion of the LRC population remains
competent to divide, this evidence cannot unequivocally support
or refute the hypothesis that the LRC technique can be used to
selectively identify or specifically enrich for NSCs. Given that
exposure to increasing concentrations of BrdU is known to
cause a gradient of cytotoxic effects [7], it is also possible that
the incorporation BrdU may account for the inability of the
LRCs to proliferate. In this regard we favor our approach in
comparison to the double nucleoside labeling strategy, which
has also been applied to detect relatively quiescent NSCs [25,
38]. In this case the nucleoside analogs 5-iodo-2-deoxyuridine
(IdU) and 5-chloro-2-deoxyuridine (CldU), which can be de-
tected independently, are used in a double labeling manner to
determine whether putative LRCs will re-enter the cell cycle.
Although both methods would be equally effective in detecting
relatively quiescent cells, we believe that the increased risk of
cytotoxic damage associated with the incorporation of a second
analog in the mitotically active LRCs would outweigh the
extended window of detection this latter approach would afford.

Figure 6. Map of neural stem and progenitor cell prevalence along the ventricular neuraxis of the adult mouse brain. The number of primary SFCs
(upper histogram) and CFCs (regardless of size, lower histogram) detected in 23 individual 400 �m vibratome sections (Section Number 3–25) along
the ventricular system as observed in a virtual saggital section with the ventricular neuraxis in a single plane. The absolute number of SFCs (red)
detected in individual sections essentially mirrors the number of CFCs (blue) detected in comparable sections. The same cannot be said for large
colonies (green), which are absent in some regions.
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Unfortunately, neither technique enables the direct demonstra-
tion that the labeled cells are bona fide stem cells rather than
progenitor cells. As such, we contend that caution should be
taken with the interpretation of data pertaining to LRCs regard-
less of the specific technique employed.

Although a number of markers including but not limited to
Nestin, Musashi, GFAP, and NG2 have been reported to co-
localize with NSCs [41, 52–54], none of these have been dem-
onstrated to be expressed exclusively by NSCs, thereby preclud-
ing their use to selectively distinguish stem from progenitor
cells. Stem cell sorting strategies based on unique cell surface
antigen expression [11–14], Hoechst dye exclusion [15, 55] or
aldehyde dehydrogenase activity [56] have to date employed the
neurosphere assay as a read-out of stem cell activity, leaving the
purity of the final population in doubt. With the exception of
generating long-term neurosphere cultures from each individual
primary neurosphere generated (in this case approximately
3,730, Fig. 1), then assaying for cardinal stem cell attributes, we
are not aware of any strategy that will enable a more detailed
analysis (or provide further support) of the frequency and dis-
tribution of NSCs reported here.

CONCLUSION

Our analysis of the in vivo location of stem and progenitor cells
along the ventricular neuraxis revealed that the distribution of

progenitors was remarkably consistent as detected by the neu-
rosphere assay and N-CFCA, but the number and location of
NSCs varied to a large degree depending upon the assay em-
ployed. Besides providing a benchmark, our analysis more
importantly highlights the need for greater precision and caution
when employing these methodologies to investigate NSCs and
progenitor cells in the adult mouse brain. As always, careful
consideration should be given that the techniques and anatom-
ical location chosen are appropriate for the question being
investigated.
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