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Abstract

The developing Drosophila brain is a well-studied model system for neurogenesis and stem cell biology. In the
Drosophila central brain, around 200 neural stem cells called neuroblasts undergo repeated rounds of asymmetric
cell division. These divisions typically generate a larger self-renewing neuroblast and a smaller ganglion mother cell
that undergoes one terminal division to create two differentiating neurons. Although single mitotic divisions of
neuroblasts can easily be imaged in real time, the lack of long term imaging procedures has limited the use of
neuroblast live imaging for lineage analysis. Here we describe a method that allows live imaging of cultured
Drosophila neuroblasts over multiple cell cycles for up to 24 hours. We describe a 4D image analysis protocol that
can be used to extract cell cycle times and growth rates from the resulting movies in an automated manner. We use it
to perform lineage analysis in type II neuroblasts where clonal analysis has indicated the presence of a transit-
amplifying population that potentiates the number of neurons. Indeed, our experiments verify type II lineages and
provide quantitative parameters for all cell types in those lineages. As defects in type II neuroblast lineages can result
in brain tumor formation, our lineage analysis method will allow more detailed and quantitative analysis of
tumorigenesis and asymmetric cell division in the Drosophila brain.
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Introduction

The simplicity of the Drosophila central nervous system
(CNS) and the variety of genetic tools to modify and monitor
cell behavior make it an ideal system to study mechanisms of
neurogenesis. The Drosophila CNS undergoes an embryonic
and a post-embryonic period of development. During each
period, Drosophila neuroblasts (NBs) divide asymmetrically to
generate one larger self-renewing and a smaller cell that
differentiates into neurons and glia after a limited number of
transit amplifying divisions [1]. NBs differentially segregate cell
fate determinants to both daughter cells to determine their
distinct cell fates. The asymmetric cell division machinery is
conserved among all types of NBs and its establishment is
independent from extrinsic factors since NBs are capable of
dividing asymmetrically in cell culture in the absence of a niche
[2-8]. Larval NBs generate an intrinsic axis of polarity by
localizing apical and basal polarity proteins on opposite sides

of the cell cortex. The Par complex proteins Par3/Bazooka
(Baz), Par 6 and atypical protein kinase C (aPKC) localize to
the apical side and are inherited by the self-renewing NB
[9,10]. The cell fate determinants Numb, Prospero (Pros) and
Brain tumor (Brat) localize to the opposite side at the basal
cortex and, through binding to mediator proteins such as
Miranda (Mira) and Partner-of-Numb (Pon), segregate into the
differentiating daughter cell [11,12]. Once inherited by the
GMC, Numb, Pros and Brat inhibit self-renewal and promote
cell cycle exit and differentiation [13-16].

Based on their lineage, central brain NBs can be subdivided
into two types. Around 200 type I NBs divide to self-renew and
to generate a GMC that divides once into two neurons or glia
[17-20]. In contrast, the 16 type II NBs that are found per brain,
generate multiple neurons in a more complex lineage. They are
more susceptible to defects in asymmetric cell division. As
such defects often cause tumor formation, type II NBs are an
attractive model system for studying mechanisms of self-
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renewal and fate commitment and their connections to
tumorigenesis.

Clonal analysis has indicated that the number of progeny
generated by type I and type II NBs is similar during the first 24
hours. After 48 hrs, however, type II lineages dramatically
increase in cell number while mitotic indices of both type I and
type II NBs are equal [21]. From this it has been concluded that
type II NBs generate a transit-amplifying population that only
becomes mitotically active after a maturation period. This
transit amplifying population has been called intermediate
neural progenitor (INP) and expresses the type I NB
characteristic transcription factors Asense (Ase) and Deadpan
(Dpn) after a transient maturation period [22,23]. Additionally,
mature INPs also express Earmuff (Erm), a transcription factor
promoting Pros-dependent termination of INP proliferation [24].
Mature INPs are capable of self-renewal and can generate a
GMC, which then divides to generate two neurons or glia [22].
So far, live cell imaging analysis has not allowed verifying the
type II lineage in real time, despite the fact that multiple
methods exist for real-time analysis of dividing Drosophila NBs
[3-5]. Although these approaches have enabled significant
insight into the mechanisms of asymmetric cell division and
centrosome biology, the short-term nature of these cultures has
prevented their use for lineage analysis [7,25-30]. On the other
hand neural tissues can be cultured for a long time and remain
mitotically active, suggesting that an approach allowing for
long-term imaging of dividing NBs may be feasible [31].

Here we describe a method combining long-term live cell
imaging of primary NB cultures from larval Drosophila central
brain with automated 4D image analysis. The method allows
individual cells to be followed by high resolution time-lapse
video microscopy. We show that our method can be used to
verify NB lineages and determine cell cycle times and growth
rates in a quantitative manner. Using this methodology we
precisely determine division timings and growth rates for all cell
types in central brain NB lineages and thereby establish a firm
basis for future more precise analysis of mutant phenotypes.

Material and Methods

Fly strains and antibodies
w1118 was used as wild-type. The following Gal4-driver lines

were used: ase-Gal4 [32], UAS-dicer2 ; wor-Gal4 ase-Gal80
[33], ase-Gal4 UAS-stinger::GFP (this study), wor-Gal4 ase-
Gal80 ; UAS-stinger::RFP (this study). UAS-
BazS151A.S1085A::mGFP [34], UAS-mCherry::Pon-LD, UAS-
stinger::GFP [35], UAS-stinger::RFP [35], R9D11-CD8::GFP
[24,36]. Fly crosses for imaging were generally set up at 29°C
to increase UAS/Gal4 expression and fluorescence intensity.

Antibodies and immunohistochemistry
The following antibodies were used: rabbit anti-Mira (1:100;

[16]); guinea pig anti-Deadpan (against full-length MBP fusion
protein, serum, 1:1000) rabbit anti-aPKC (1:500; Santa Cruz
Biotechnology), mouse anti-PH3 (1:1000; Cell Signaling
Technology).

Fixation and stainings of larval brains were performed as
previously described [16]. Cultured cells were fixed in 4%

paraformaldehyde (PFA) for 10 min, blocked for 1 hr in PBS
with 10% NGS, incubated with primary antibody for 1hr at room
temperature, washed 3 times 10 min with PBS, incubated with
secondary antibodies for 1hr at room temperature, mounted in
anti-fade (SlowFade Antifade Kit-Invitrogen) and imaged
immediately. Immunofluorescent images were acquired on
either LSM510 or 780 microscopes (Carl Zeiss GmbH).

Cell Dissociation and Primary cell cultures
Third instar larval were collected and washed once in

phosphate-buffered saline (PBS), dissected in supplemented
Schneider’s medium (10% fetal bovine serum, 2% Pen/Strep,
Schneider’s medium (GIBCO)) and larval brains were collected
and washed in cold Rinaldini solution [4]. For cell dissociation,
collected brains were incubated in Rinaldini solution with 1
mg/ml collagenase I and 1mg/ml of papain (Sigma Aldrich) for
1 hr at 30°C. Brains were washed twice with Rinaldini solution
and once with supplemented Schneider’s medium. Brains were
manually disrupted with a pipette tip in 200 μl supplemented
Schneider’s medium. The dissociated brains were plated in
0.01% poly-L-lysin-hydrobromide coated glass bottom cell
culture dishes (Matek and Invitro Scientific) and allowed to
settle for 1 hr at RT. Before imaging, 3 ml of primary cell culture
Schneider’s medium (10% fetal bovine serum, 2% Pen/Strep,
L-Glutamine 20 mM, L-Glutathione 5μg/ml, Insulin 20 μg/ml,
Ecdysone 5μg/ml, Schneider’s medium) was added to the cells
and imaging was performed immediately.

Live imaging
Live imaging of cultured cells was performed using an Ultra

View Vox spinning-disc confocal system (Perkin Elmer)
installed on an Axio Observer Z1 microscope (Carl Zeiss
GmbH). Images were recorded with an Hamamatsu EMCCD
9100-13 camera (Hamamatsu) in 8Bit mode, using 40x/1.3 EC
plan-neofluar lens (Zeiss) and 1.2x additional magnification
lens mounted in front of the camera. Acquisition of video
sequences was done with the Volocity 3D Image Acquisition
and Analysis Software (Perkin Elmer); multiple positions were
acquired simultaneously. At each position Z-stacks with 1 µm
intervals were captured every 3 min. Laser intensity (2 %) and
exposure time (10 msec) were adjusted to avoid cytotoxicity.
Collected images were deconvolved using Huygens
deconvolution suite (SVI). Maximum intensity projections of the
deconvolved stacks were compiled and converted to AVI
movies with Imaris (Bitplane).

Automated 4D image analysis
Nuclear sizes were measured by using Definiens, an object

based image analysis software (Definiens®). First, a region of
interest was defined and subsequently ‘automatic threshold’
was used to identify approximate cell borders. To define nuclei,
a Gauss filter was applied and ‘automatic threshold’ was
applied a second time. Nuclei that directly contacted each other
were separated by defining seed points in the center of each
nucleus and by expanding those to the size of the object. To
avoid segmenting single nuclei into multiple objects, quality
criteria for shape and size were automatically defined for each
object. Oversegmented objects were adjusted manually.

Live Cell Imaging of Drosophila Neuroblasts
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Borders between detected nuclei were redefined by shrinking
and growing, taking intensity values into account. After nuclei
segmentation, cell types were defined and linked over time.
Voxel numbers of each object were counted and converted into
absolute volume size. More detailed explanation on the
methodology is available on request.

Statistical analysis of division timing, cell sizes and cell
growth rates

To compare type I and type II NB sizes, the nuclear volumes
during the 9 min preceding mitosis were averaged as nuclei
reached their maximal size during this time. Nuclear volumes of
INPs were determined as the average volume during the 39-45
min after the INP could first be detected. Nuclear volumes of
GMCs were determined as the average volume during the 9-15
min after the GMC could first be detected. Growth rates were
defined as the inverse ratio between average volumes over
9min after mitosis and 9 min before the next mitosis. Cell cycle
lengths in NBs/INPs/GMCs were determined as the time
between two subsequent nuclear envelope breakdowns.

Results and Discussion

NBs and INPs divide asymmetrically in culture
To monitor type I and type II NB lineages in primary cell

culture we isolated NBs by enzymatic digestion and gentle
mechanical disruption and plated them on poly-L-lysine coated
glass bottom dishes (see Material and Methods section, Figure
1A). In vivo, NBs and INPs establish an internal polarity axis,
localizing self-renewing Par complex proteins aPKC, Par 6 and
Baz to the apical domain (Figure 1B-G) and differentiating
factors such as Mira to the basal domain to be inherited by the
INP or GMC, respectively (Figure 1B-G) [9,10]. To test whether
NBs correctly localized and segregated cell fate determinants
in long-term cultures, we followed type I and type II NBs
expressing the apical marker Baz-GFP and basal marker
mCherry-Pon. To avoid any effects of Baz overexpression we
used the previously described non-phosphorylatable
BazS151A.S1085A-GFP [34]. Both type I and type II NBs in culture
formed an axis of polarity and asymmetrically localized
BazS151A.S1085A-GFP to their apical cortex and mCherry-Pon to
opposite basal side (Figure 1H, I). Cultured INPs were also
capable of asymmetrically distributing apical Baz and basal
Pon (Figure 1I, 06:27). In both type I and type II NBs and also
in INPs the apical and basal cortical domains were inherited by
the proliferating and differentiating cell, respectively (Figure 1H,
03:39, 1I, 05:42, Figure S1A, 06:24 and 09:45, Movie S1). Both
type I and type II NBs went through successive rounds of
division generating extended lineages (Figure 1H, 05:51, 1I,
06:27). Thus, as in vivo, cultured type I, type II NBs and INPs
asymmetrically distributed apical and basal polarity proteins to
result in asymmetric progeny cell fates.

NBs Generate Correct Lineages in Culture
In order to test whether NBs were able to generate correct

lineages in cell culture we generated 20-hr cell cultures and
analyzed their composition by immunostaining for specific

proliferation or differentiation markers (Figure 2C, D). To
identify the correct types of NBs, we used nuclear GFP (UAS-
stinger::GFP; [35]) expressed under the control of the Ase
promoter (ase-Gal4; type I specific, Figure 2A) or under the
control of the Worniu promoter simultaneously inhibited in cells
expressing Ase (wor-Gal4 ase-Gal80; type II specific, Figure
2B). NBs of both type I and type II were positive for the
proliferation markers Dpn (Figure 2D’,E’) and Mira (Figure
2D’’,E’’). Type II NBs also displayed Dpn and Mira positive
progeny, indicating that some daughter cells exhibited self-
renewing NB-like identity. In contrast, all type I NB progeny
were Dpn and Mira negative. From these results we can
conclude that NBs in primary cell culture form correct lineages.

To analyze NB lineage progression over time we used live
cell imaging microscopy. NBs were isolated and immediately
imaged by acquiring 40 µm thick stacks every 3 min over a
time period of 24 hrs in a spinning-disk confocal microscope
(Figure 1A). Both type I and type II NBs divided asymmetrically
and generated daughter cells that differed in size (type I Figure
2E, 00:03, Movie S2; type II Figure 2F, 00:18, Movie S3). In
both lineages, the bigger cell resembling the self-renewing NB
divided multiple times, whereas the smaller cell remained
quiescent first before entering mitosis. The smaller type I NB
daughter cell divided symmetrically and generated two
daughter cells equal in size (Figure 2E 04:36). In contrast, the
daughter cell of a type II NB divided asymmetrically and
generated two daughter cells that differed in size (Figure 2F,
09:15). These observations are consistent with the NB
behavior in vivo at which GMCs of type I NBs divide
symmetrically and generate neurons, whereas INPs of type II
NBs divide asymmetrically to self-renew and simultaneously
generate a more differentiated GMC [21]. Once born, INPs
undergo a maturation period before entering mitosis. During
this maturation period INPs activate the expression of the
transcription factor Erm [24]. To investigate if INPs undergo the
same maturation period in vitro as they do in vivo we imaged
type II NB lineages expressing membrane tethered GFP under
the control of the Erm promoter (R9D11-CD8::GFP, [36]). The
type II NB, identified by type II specific expression of nuclear
RFP, lacked Erm driven expression of CD8::GFP (Figure 2G,
Movie S4). In contrast, the small daughter cell of the type II NB
initiated CD8::GFP expression during its maturation shortly
before entering mitosis (Figure 1H). From our analysis, we
conclude that type II NBs during live cell imaging of primary cell
culture generate correct in vivo-like progeny.

Automated 4D image analysis and visualization
To accurately follow the dynamics of neural lineages, we

developed an automated 4D image software. The methodology
is based upon the Definiens Software Suite, an object based
image analysis software (Definiens®) Both membrane tethered
and cytosolic GFP did not allow continuous assignment of
individual cells through many mitotic divisions. To overcome
this limitation, we used nuclear GFP, which could be accurately
detected and tracked by our image software. We first
determined whether nuclear size provides a correct estimate
for cell size in NB lineages by calculating the ratio between cell/
nuclear diameters in NBs and their daughter cells. Nuclear
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diameters were measured just before cell division and whole
cell diameters were measured after nuclear breakdown, when
GFP was dispersed throughout the entire cell (Figure 3A). The
ratios between NB/GMC nuclei diameter and NB/GMC cell
diameter were constant (Figure 3B). Thus, we used nuclear

sizes to determine cell growth rates and to compare sizes of
the different cell types within a neural lineage.

Live cell imaging was performed using a spinning-disk
confocal microscope and movies were recorded using the
Volocity Software. Lineages were recorded over a time period
of 24 hrs and NBs and daughter cells were dividing

Figure 1.  Neuroblasts and INPs divide asymmetrically in culture.  (A) Schematic of the experimental set-up. (B-G) In vivo
staining of wild-type 3rd instar larval brains. Type I (B, E), type II NBs (C, F) and INPs (D, G) stained for Mira (red), PH3 (blue) and
aPKC (B-D, green). Par 6-GFP (E-G, green) in par 6 mutant background. (H, I) Single frames from cultured NB time-lapse movies.
NBs expressing UAS-BazS151A.S1085A::GFP, UAS-mCherry::Pon-LD. White asterisk labels NB, blue asterisk marks INP. (H) Single
frames from movie of type I NB undergoing multiple rounds of division in culture. (I) Single frames from movie of type II NBs
undergoing multiple rounds of division in culture. Times in hr:min. (A-H) White arrowheads label apical, yellow arrowheads basal
polarity domains. Scale bars, 10 µm.
doi: 10.1371/journal.pone.0079588.g001
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appropriately (Movie S5). As the NB cell cycle length became
increasingly variable over time, only the first 200 frames (10
hrs) were used for further analysis.

Image stacks were deconvolved using the Huygens
deconvolution suite (SVI) and subsequently imported to
Definiens® software. Using various segmentation tools of

Definiens software nuclei were defined and tracked over time
(see Material and Methods). The software could accurately
follow and measure nuclear volumes of all cells in NB lineages.
The resulting voxel numbers for cell nuclei of both type I and
type II lineages were plotted over a time period of 200 frames
(3min/frame; Figure 3C, D). NBs grew until they reach their

Figure 2.  Neuroblasts generate in vivo-like lineages in culture.  (A, B) Drosophila larval brain lobe expressing type I (A) or type
II (B) specific nuclear GFP (red) stained for Mira (green). Scale bars, 20 µm. (C, D) 20-hr NB primary cell culture stained for Dpn
(red) and Mira (white). Type II NBs are identified by nuclear GFP (green, arrow), whereas type I NBs are GFP negative
(arrowheads). Cell culture stainings are represented in two layers. (E, F) Image time course from representative movies capturing a
dividing type I (E) or type II (F) NB. Arrows mark GMC (E) or INP (F) shortly before division. Arrowheads label daughter cells shortly
after the GMC (E) or INP (F) divided. Note that the GMC leads to two daughter cells equal in size, whereas the INP divides
asymmetrically generating two daughter cells that differ in size. (G) The type II NB (asterisk) generates INPs that express R9D11-
CD8::GFP shortly before they divide (1st INP white arrowhead, 2nd INP yellow arrowhead). Times are in hr:min. Scale bars, 10 µm.
doi: 10.1371/journal.pone.0079588.g002
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maximum size followed by division. Each cell cycle could be
identified by the gaps between each growth period. These gaps
were due to the nuclear envelope breakdown, which led to a
uniform distribution of nuclear GFP throughout the cell causing
a strong decrease in signal intensity, which was no longer
recognized by the software (Figure 3C, D). To visualize three-
dimensional neural lineage formation, deconvolved image
stacks were imported to IMARIS software and nuclei surfaces
were defined over time using IMARIS tools. Different cell types
were labeled by different colors and cells in mitosis were
highlighted (Figure 3E, Movie S6).

Cell cycle timing and cell growth rates
Clonal analyses of NB lineages can give information about

NB cell cycle and lineage expansion over time; however,
mitotic indices of NB progeny are difficult to determine due to
the increasing lineage complexity. Thus, precise cell cycle
analysis of the different cell types beside the NB within a
lineage requires live cell imaging analysis. From the automated
image analysis we observed type I NBs dividing every 1.3 hrs,
while type II NBs dividing every 1.6 hrs (Figure 4A). The timing
is consistent with previous clonal in vivo analysis (1.5 hrs for
both NB types, [21]) and live imaging of type II NB clones in
whole brain explants [37]. Clonal analysis predicted that INPs
would require a maturation period of 3 - 9 hrs before starting to
divide. Clonal live cell imaging, on the other hand, suggested

Figure 3.  Automated 4D image analysis.  (A) Type I lineages expressing nuclear GFP. Nuclei diameters were measured before
cell division (red line). Cell diameters were obtained by measuring cell diameter when nuclear GFP labeled the entire cell right after
nuclear breakdown (green line). Scale bar, 10 µm. (B) Size ratio of type I NB/GMC estimated with nuclei diameter vs.
size ratio estimate with cell diameter (n=5). Error bars represent standard deviation. (C, D) Examples of output images of type I (C)
and type II (D) NB lineage analysis by Definiens. One frame equals three minutes. Red marks the NB, purple marks the GMC (C) or
INP (D); the remaining colors mark neurons (C) or GMCs (D). Note that only the first INP was followed throughout entire INP cell
cycle, whereas the following born INPs were followed only for a few frames. (E) Representative stills from type II NB lineage live
imaging movie modified by IMARIS. Green ball represents the type II NB, blue balls represent INPs, purple balls represent GMCs.
Red balls are in mitosis.
doi: 10.1371/journal.pone.0079588.g003
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that INPs divide every 2 hrs [21,37]. This difference can be
explained because every new born INP needs to undergo
maturation before its first division. Once INP maturation is
complete, the cell cycle is shorter. Bello et al. analyzed dividing
INPs far away from the NB. Most likely, these were already in
their second cell cycle and maturation was completed. To
characterize division timings of INPs we analyzed cell cycle
timing of newly born and also mature INPs. We found that
newly born INPs underwent their first division 6.6 hrs after birth
(Figure 4A), whereas mature INPs divided every 2 - 3 hrs
(Figure S1, Movie S1, Movie S5). Thus, our findings are
consistent with previous observations [21,37].

GMCs of type I NBs divided 4.2 hrs post-generation (Figure
4A). Short-term (24 hrs) clonal analysis has shown that type I
and type II NBs first generate approximately the same number
of progeny (type I 28 cells vs. type II 26 cells), whereas long-
term (48 hrs) type II NB clones contain considerable more cells
than type I (type I 58 cells vs. type II 131 cells) [21].
Consistently, during a recording period of 10 hrs we found type
I lineages containing 11 cells and type II lineages 9 cells
(Figure 4B). Thus, we conclude that neural lineage timing in
cell culture perfectly resemble what has been shown by clonal
in vivo analysis and in addition, times could be determined
more accurately.

The difficulty of performing precise cell volume analysis in
fixed brain tissue, due to the amorphous shape of cells within a
lineage, has so far only allowed obtaining approximate cell
sizes [21,37]. Taking advantage of the optimized long-term NB
culture and software analysis method, we have followed cell
sizes of both type I and type II NBs and their progeny. The
automated analysis revealed that the type II NB was 1.5-fold
bigger than the type I NB (Figure 4C). The small daughter cell
of the type I NB was 3.6- the one of the type II NB 4.2-fold
smaller compared to its respective parental NB (Figure 4C).
The self-renewing INP was 1.5-fold larger than its more
differentiated progeny, the type II GMC. The size of a type I or
type II GMC was not significantly different and neurons were
the smallest cell type in both lineage types (Figure 4C). Larval
NBs regrow to their original size after each asymmetric
division, and it has been hypothesized that the NB regrowth
capacity is correlated to self-renewal capacity [38]. During the
INP maturation period, several transcriptional changes occur.
By the end of this period INPs are Dpn-Ase+Erm+ and capable
of dividing and self-renewing [22,24]. It is however unknown if
and to what extend INPs regrow during the maturation period.
To analyze this we determined growth rates of NBs, INPs and
GMCs. Automated image analysis revealed that type I and type
II NBs grow 1.2- and 1.4-fold, respectively (Figure 4D). The

difference in growth rate between the two types of NB can be
explained by the different sizes of the daughter cells. The type
II NB generates INPs that are 1.5-fold bigger than the GMCs
generated by type I NBs. Thus, to maintain their original size,
type II NBs have to grow more than type I NBs. GMCs of type I
NBs do not grow (Figure 4D). Surprisingly, the growth rate of
INPs was even larger compared to NBs as they grow on
average by 1.7-fold (Figure 4D). Although INPs grow more,
they do this at a slower rate (0.1 μm3/min) than type I NB (0.69
μm3/min) or type II NBs (0.92 μm3/min).

Conclusions

The majority of neurons in the Drosophila adult brain are
generated during the larval period in a second wave of
neurogenesis. Neural lineages have been studied extensively,
but detailed knowledge about their behavior and progression is
still sparse. In vivo studies have to deal with great structural
complexity and do not always allow distinguishing between cell
autonomous and non-cell autonomous processes. To
complement in vivo neurogenesis studies, we have developed
a long-term primary cell culture system combined with an
automated 4D image analysis, which allowed for studying
neural lineages in great detail. We generated primary cell
cultures of Drosophila larval brains and showed that both type I
and type II NB lineages were formed accurately in culture.
Long-term culture and image analysis allowed for determining
cell cycle timing and cell growth rates of NBs and their
progeny. Due to their transit-amplifying progeny, which makes
them more susceptible to tumorigenesis, type II NB lineages
provide a great model to study mechanisms in stem cell
biology. We exploited the long-term live cell imaging method
introduced here to analyze type II NBs and INPs in great detail.
Like in vivo, cultured INPs undergo a set of maturation steps,
and asymmetrically divide to self-renew and generate more
differentiated daughter cells. Thus, our long-term cell culture
system perfectly resembles in vivo neural lineage behavior.
Now, this system facilitates experiments to analyze larval brain
neurogenesis, e.g. proliferation control and the contribution of
extrinsic and intrinsic factors, and provides a convenient tool to
study mutants and genetically manipulated neural lineages.
Previous studies have demonstrated that centrosomes are
asymmetrically inherited by the NB and its daughter cells
[5,39]. The method that we described here will allow the
analysis of long-term centrosome inheritance, for example
through the entire lineage and in INPs. The system we have
established can also be applied for studies of polarity
establishment in stem cells and their progeny.
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Figure 4.  Quantitative analysis of type I and type II neural lineages.  (A) Frequency of divisions of type I and type II NBs, INPs
and GMCs (n=29, n=31, n=6, n=6 respectively). Time measured in hours between consecutive nuclear breakdowns. (B) Absolute
cell numbers type I and type II lineages counted after 10-hr recording period. (C) Nuclei volumes from all cell types of type I and
type II lineages. NB type I n=30, NB type II n=31, INP n=34, GMC type I n=5, GMC type II n=6, neuron n=5. (D) Growth rates from
birth to division of type I and type NBs, INPs and GMCs. NB type I n=30, NB type II n=34, INP n=6, GMC type I n=4) (A-D) Bars
represent standard deviation. Statistical analysis done using T-test. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. (E) Graphic
representation of type I and type II lineages. Diameter ratios between the lineages and the different cell types is according to
experimental measurements. GMC, ganglion mother cell; imINP, immature intermediate neural progenitor; mINP, mature INP; NB,
NB. Red color represents nuclei, green color represents Earmuff expression.
doi: 10.1371/journal.pone.0079588.g004
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Supporting Information

Figure S1.  Single frames from movie of type II NBs
undergoing multiple rounds of division in culture. NBs
expressing UAS-BazS151A.S1085A::GFP, UAS-mCherry::Pon-LD.
Asterisk marks the same INP dividing twice. Arrowheads label
the daughter cells of the INP. Note, that the daughter cell
inheriting the apical domain (Baz/Par3) divides again. Times in
hr:min. Scale bar, 10 µm.
(TIF)

Movie S1.  Type II NB lineage in cell culture expressing
UAS-BazS151A.S1085A::GFP and UAS-mCherry::Pon-LD. The
INP inheriting the apical domain (Baz/Par3, 06:24) divides
again at 09:25.
(AVI)

Movie S2.  Type I NB lineage in cell culture expressing
nuclear GFP by ase-Gal4.
(AVI)

Movie S3.  Type II NB lineage in cell culture expressing
nuclear GFP by wor-Gal4 ase-Gal80.
(AVI)

Movie S4.  Type II NB lineage in cell culture expressing
nuclear RFP by wor-Gal4 ase-Gal80 and membrane
tethered GFP by erm-Gal4.

(WMV)

Movie S5.  Type II NB lineage in cell culture expressing
nuclear GFP by wor-Gal4 ase-Gal80 recorded over a time
period of 23 hrs.
(AVI)

Movie S6.  IMARIS modulated movie illustrating the
formation of a type II NB lineage. The green ball represents
the NB, blue balls represent INPs and purple balls represent
GMCs. Cells undergoing division are highlighted in red.
(MP4)

Acknowledgements

We wish to thank all the members of the Knoblich lab for
discussions. M Lancaster for critically reading the manuscript.
P Pasierbek, K Aumayr and T Müller for bio-optics support. E
Eroglu and F mauri for generating the guinea pig Dpn antibody.
F Wirtz-Peitz for generating the UAS-mCherry::PonLD fly
stock.

Author Contributions

Conceived and designed the experiments: CH IR JK.
Performed the experiments: CH IR. Analyzed the data: CH IR.
Contributed reagents/materials/analysis tools: CB TL. Wrote
the manuscript: CH IR JK.

References

1. Goodman CS, Doe CQ (1993) Development of the Drosophila central
nervous system. Drosophila Development (M BateA Martinez-Arias.
NY: Cold Spring Harbor Press. pp. 1131-1206.

2. Lüer K, Technau GM (1992) Primary culture of single ectodermal
precursors of Drosophila reveals a dorsoventral prepattern of intrinsic
neurogenic and epidermogenic capabilities at the early gastrula stage.
Development 116: 377-385. PubMed: 1286613.

3. Datta S (1999) Activation of neuroblast proliferation in explant culture of
the Drosophila larval CNS. Brain Res 818: 77-83. doi:10.1016/
S0006-8993(98)01292-X. PubMed: 9914440.

4. Ceron J, Tejedor FJ, Moya F (2006) A primary cell culture of Drosophila
postembryonic larval neuroblasts to study cell cycle and asymmetric
division. Eur J Cell Biol 85: 567-575. doi:10.1016/j.ejcb.2006.02.006.
PubMed: 16621131.

5. Rebollo E, Sampaio P, Januschke J, Llamazares S, Varmark H et al.
(2007) Functionally Unequal Centrosomes Drive Spindle Orientation in
Asymmetrically Dividing Drosophila Neural Stem Cells. Dev Cell 12:
467-474. doi:10.1016/j.devcel.2007.01.021. PubMed: 17336911.

6. Lüer K, Technau GM (2009) Single cell cultures of Drosophila
neuroectodermal and mesectodermal central nervous system
progenitors reveal different degrees of developmental autonomy.
Neural Dev 4: 30. doi:10.1186/1749-8104-4-30. PubMed: 19650920.

7. Wu CF, Suzuki N, Poo MM (1983) Dissociated neurons from normal
and mutant Drosophila larval central nervous system in cell culture. J
Neurosci 3: 1888-1899. PubMed: 6310066.

8. Feiguin F, Llamazares S, González C (1998) Methods in Drosophila
cell cycle biology. Curr Top Dev Biol 36: 279-291. PubMed: 9342534.

9. Suzuki A, Ohno S (2006) The PAR-aPKC system: lessons in polarity. J
Cell Sci 119: 979-987. doi:10.1242/jcs.02898. PubMed: 16525119.

10. Goldstein B, Macara IG (2007) The par proteins: fundamental players
in animal cell polarization. Dev Cell 13: 609-622. doi:10.1016/j.devcel.
2007.10.007. PubMed: 17981131.

11. Shen CP, Knoblich JA, Chan YM, Jiang MM, Jan LY et al. (1998)
Miranda as a multidomain adapter linking apically localized Inscuteable
and basally localized Staufen and Prospero during asymmetric cell

division in Drosophila. Genes Dev 12: 1837-1846. doi:10.1101/gad.
12.12.1837. PubMed: 9637685.

12. Betschinger J, Knoblich JA (2004) Dare to Be Different: Asymmetric
Cell Division in Drosophila, C. elegans and Vertebrates. Curr Biol 14:
R674-R685. doi:10.1016/j.cub.2004.08.017. PubMed: 15324689.

13. Doe CQ, Chu-LaGraff Q, Wright DM, Scott MP (1991) The prospero
gene specifies cell fates in the Drosophila central nervous system. Cell
65: 451-464. doi:10.1016/0092-8674(91)90463-9. PubMed: 1673362.

14. Rhyu MS, Jan LY, Jan YN (1994) Asymmetric distribution of numb
protein during division of the sensory organ precursor cell confers
distinct fates to daughter cells. Cell 76: 477-491. doi:
10.1016/0092-8674(94)90112-0. PubMed: 8313469.

15. Bello B, Reichert H, Hirth F (2006) The brain tumor gene negatively
regulates neural progenitor cell proliferation in the larval central brain of
Drosophila. Development 133: 2639-2648. doi:10.1242/dev.02429.
PubMed: 16774999.

16. Betschinger J, Mechtler K, Knoblich JA (2006) Asymmetric segregation
of the tumor suppressor brat regulates self-renewal in Drosophila
neural stem cells. Cell 124: 1241-1253. doi:10.1016/j.cell.2006.01.038.
PubMed: 16564014.

17. Doe CQ (2008) Neural stem cells: balancing self-renewal with
differentiation. Development 135: 1575-1587. doi:10.1242/dev.014977.
PubMed: 18356248.

18. Knoblich JA (2008) Mechanisms of asymmetric stem cell division. Cell
132: 583-597. doi:10.1016/j.cell.2008.02.007. PubMed: 18295577.

19. Skeath JB, Thor S (2003) Genetic control of Drosophila nerve cord
development. Curr Opin Neurobiol 13: 8-15. doi:10.1016/
S0959-4388(03)00007-2. PubMed: 12593977.

20. Technau GM, Berger C, Urbach R (2006) Generation of cell diversity
and segmental pattern in the embryonic central nervous system of
Drosophila. Dev Dyn 235: 861-869. doi:10.1002/dvdy.20566. PubMed:
16222713.

21. Bowman SK, Rolland V, Betschinger J, Kinsey KA, Emery G et al.
(2008) The tumor suppressors Brat and Numb regulate transit-
amplifying neuroblast lineages in Drosophila. Dev Cell 14: 535-546. doi:
10.1016/j.devcel.2008.03.004. PubMed: 18342578.

Live Cell Imaging of Drosophila Neuroblasts

PLOS ONE | www.plosone.org 9 November 2013 | Volume 8 | Issue 11 | e79588

http://www.ncbi.nlm.nih.gov/pubmed/1286613
http://dx.doi.org/10.1016/S0006-8993(98)01292-X
http://dx.doi.org/10.1016/S0006-8993(98)01292-X
http://www.ncbi.nlm.nih.gov/pubmed/9914440
http://dx.doi.org/10.1016/j.ejcb.2006.02.006
http://www.ncbi.nlm.nih.gov/pubmed/16621131
http://dx.doi.org/10.1016/j.devcel.2007.01.021
http://www.ncbi.nlm.nih.gov/pubmed/17336911
http://dx.doi.org/10.1186/1749-8104-4-30
http://www.ncbi.nlm.nih.gov/pubmed/19650920
http://www.ncbi.nlm.nih.gov/pubmed/6310066
http://www.ncbi.nlm.nih.gov/pubmed/9342534
http://dx.doi.org/10.1242/jcs.02898
http://www.ncbi.nlm.nih.gov/pubmed/16525119
http://dx.doi.org/10.1016/j.devcel.2007.10.007
http://dx.doi.org/10.1016/j.devcel.2007.10.007
http://www.ncbi.nlm.nih.gov/pubmed/17981131
http://dx.doi.org/10.1101/gad.12.12.1837
http://dx.doi.org/10.1101/gad.12.12.1837
http://www.ncbi.nlm.nih.gov/pubmed/9637685
http://dx.doi.org/10.1016/j.cub.2004.08.017
http://www.ncbi.nlm.nih.gov/pubmed/15324689
http://dx.doi.org/10.1016/0092-8674(91)90463-9
http://www.ncbi.nlm.nih.gov/pubmed/1673362
http://dx.doi.org/10.1016/0092-8674(94)90112-0
http://www.ncbi.nlm.nih.gov/pubmed/8313469
http://dx.doi.org/10.1242/dev.02429
http://www.ncbi.nlm.nih.gov/pubmed/16774999
http://dx.doi.org/10.1016/j.cell.2006.01.038
http://www.ncbi.nlm.nih.gov/pubmed/16564014
http://dx.doi.org/10.1242/dev.014977
http://www.ncbi.nlm.nih.gov/pubmed/18356248
http://dx.doi.org/10.1016/j.cell.2008.02.007
http://www.ncbi.nlm.nih.gov/pubmed/18295577
http://dx.doi.org/10.1016/S0959-4388(03)00007-2
http://dx.doi.org/10.1016/S0959-4388(03)00007-2
http://www.ncbi.nlm.nih.gov/pubmed/12593977
http://dx.doi.org/10.1002/dvdy.20566
http://www.ncbi.nlm.nih.gov/pubmed/16222713
http://dx.doi.org/10.1016/j.devcel.2008.03.004
http://www.ncbi.nlm.nih.gov/pubmed/18342578


22. Bayraktar OA, Boone JQ, Drummond ML, Doe CQ (2010) Drosophila
type II neuroblast lineages keep Prospero levels low to generate large
clones that contribute to the adult brain central complex. Neural Dev 5:
26-. PubMed: 20920301 .

23. San-Juán BP, Baonza A (2011) The bHLH factor deadpan is a direct
target of Notch signaling and regulates neuroblast self-renewal in
Drosophila. Dev Biol 352: 70-82. doi:10.1016/j.ydbio.2011.01.019.
PubMed: 21262215.

24. Weng M, Golden KL, Lee CY (2010) dFezf/Earmuff Maintains the
Restricted Developmental Potential of Intermediate Neural Progenitors
in Drosophila. Dev Cell 18: 126-135. doi:10.1016/j.devcel.2009.12.007.
PubMed: 20152183.

25. Seecof RL, Donady JJ, Teplitz RL (1973) Differentiation of Drosophila
neuroblasts to form ganglion-like clusters of neurons in vitro. Cell Differ
2: 143-149. doi:10.1016/0045-6039(73)90014-6. PubMed: 4209324.

26. Furst A, Mahowald AP (1985) Cell division cycle of cultured neural
precursor cells from Drosophila. Dev Biol 112: 467-476. doi:
10.1016/0012-1606(85)90419-1. PubMed: 3935504.

27. Broadus J, Doe CQ (1997) Extrinsic cues, intrinsic cues and
microfilaments regulate asymmetric protein localization in Drosophila
neuroblasts. Curr Biol 7: 827-835. doi:10.1016/
S0960-9822(06)00370-8. PubMed: 9382803.

28. Kaltschmidt JA, Davidson CM, Brown NH, Brand AH (2000) Rotation
and asymmetry of the mitotic spindle direct asymmetric cell division in
the developing central nervous system. Nat Cell Biol 2: 7-12. doi:
10.1038/71390. PubMed: 10620800.

29. Savoian MS, Rieder CL (2002) Mitosis in primary cultures of Drosophila
melanogaster larval neuroblasts. J Cell Sci 115: 3061-3072. PubMed:
12118062.

30. Januschke J, Llamazares S, Reina J, Gonzalez C (2011) Drosophila
neuroblasts retain the daughter centrosome. Nat Commun 2: 243. doi:
10.1038/ncomms1245. PubMed: 21407209.

31. Moraru MM, Egger B, Bao DB, Sprecher SG (2012) Analysis of cell
identity, morphology, apoptosis and mitotic activity in a primary neural

cell culture system in Drosophila. Neural Dev 7: 14. doi:
10.1186/1749-8104-7-14. PubMed: 22554060.

32. Zhu S, Lin S, Kao CF, Awasaki T, Chiang AS et al. (2006) Gradients of
the Drosophila Chinmo BTB-Zinc Finger Protein Govern Neuronal
Temporal Identity. Cell 127: 409-422. doi:10.1016/j.cell.2006.08.045.
PubMed: 17055440.

33. Neumüller RA, Richter C, Fischer A, Novatchkova M, Neumüller KG et
al. (2011) Genome-Wide Analysis of Self-Renewal in Drosophila Neural
Stem Cells by Transgenic RNAi. Cell Stem Cell 8: 580-593. doi:
10.1016/j.stem.2011.02.022. PubMed: 21549331.

34. Benton R, St Johnston D (2003) Drosophila PAR-1 and 14-3-3 inhibit
Bazooka/PAR-3 to establish complementary cortical domains in
polarized cells. Cell 115: 691-704. doi:10.1016/
S0092-8674(03)00938-3. PubMed: 14675534.

35. Barolo S, Carver LA, Posakony JW (2000) GFP and beta-galactosidase
transformation vectors for promoter/enhancer analysis in Drosophila.
BioTechniques 29: 726, 11056799.

36. Pfeiffer BD, Jenett A, Hammonds AS, Ngo TT, Misra S et al. (2008)
Tools for neuroanatomy and neurogenetics in Drosophila. Proc Natl
Acad Sci U S A 105: 9715-9720. doi:10.1073/pnas.0803697105.
PubMed: 18621688.

37. Bello BC, Izergina N, Caussinus E, Reichert H (2008) Amplification of
neural stem cell proliferation by intermediate progenitor cells in
Drosophila brain development. Neural Dev 3: 5. doi:
10.1186/1749-8104-3-5. PubMed: 18284664.

38. Homem CC, Knoblich JA (2012) Drosophila neuroblasts: a model for
stem cell biology. Development 139: 4297-4310. doi:10.1242/dev.
080515. PubMed: 23132240.

39. Rusan NM, Peifer M (2007) A role for a novel centrosome cycle in
asymmetric cell division. J Cell Biol 177: 13-20. doi:10.1083/
JCB1775OIA13. PubMed: 17403931.

Live Cell Imaging of Drosophila Neuroblasts

PLOS ONE | www.plosone.org 10 November 2013 | Volume 8 | Issue 11 | e79588

http://www.ncbi.nlm.nih.gov/pubmed/20920301
http://dx.doi.org/10.1016/j.ydbio.2011.01.019
http://www.ncbi.nlm.nih.gov/pubmed/21262215
http://dx.doi.org/10.1016/j.devcel.2009.12.007
http://www.ncbi.nlm.nih.gov/pubmed/20152183
http://dx.doi.org/10.1016/0045-6039(73)90014-6
http://www.ncbi.nlm.nih.gov/pubmed/4209324
http://dx.doi.org/10.1016/0012-1606(85)90419-1
http://www.ncbi.nlm.nih.gov/pubmed/3935504
http://dx.doi.org/10.1016/S0960-9822(06)00370-8
http://dx.doi.org/10.1016/S0960-9822(06)00370-8
http://www.ncbi.nlm.nih.gov/pubmed/9382803
http://dx.doi.org/10.1038/71390
http://www.ncbi.nlm.nih.gov/pubmed/10620800
http://www.ncbi.nlm.nih.gov/pubmed/12118062
http://dx.doi.org/10.1038/ncomms1245
http://www.ncbi.nlm.nih.gov/pubmed/21407209
http://dx.doi.org/10.1186/1749-8104-7-14
http://www.ncbi.nlm.nih.gov/pubmed/22554060
http://dx.doi.org/10.1016/j.cell.2006.08.045
http://www.ncbi.nlm.nih.gov/pubmed/17055440
http://dx.doi.org/10.1016/j.stem.2011.02.022
http://www.ncbi.nlm.nih.gov/pubmed/21549331
http://dx.doi.org/10.1016/S0092-8674(03)00938-3
http://dx.doi.org/10.1016/S0092-8674(03)00938-3
http://www.ncbi.nlm.nih.gov/pubmed/14675534
http://www.ncbi.nlm.nih.gov/pubmed/11056799
http://dx.doi.org/10.1073/pnas.0803697105
http://www.ncbi.nlm.nih.gov/pubmed/18621688
http://dx.doi.org/10.1186/1749-8104-3-5
http://www.ncbi.nlm.nih.gov/pubmed/18284664
http://dx.doi.org/10.1242/dev.080515
http://dx.doi.org/10.1242/dev.080515
http://www.ncbi.nlm.nih.gov/pubmed/23132240
http://dx.doi.org/10.1083/JCB1775OIA13
http://dx.doi.org/10.1083/JCB1775OIA13
http://www.ncbi.nlm.nih.gov/pubmed/17403931

	Long-Term Live Cell Imaging and Automated 4D Analysis of Drosophila Neuroblast Lineages
	Introduction
	Material and Methods
	Fly strains and antibodies
	Antibodies and immunohistochemistry
	Cell Dissociation and Primary cell cultures
	Live imaging
	Automated 4D image analysis
	Statistical analysis of division timing, cell sizes and cell growth rates

	Results and Discussion
	NBs and INPs divide asymmetrically in culture
	NBs Generate Correct Lineages in Culture
	Automated 4D image analysis and visualization
	Cell cycle timing and cell growth rates

	Conclusions
	Supporting Information
	Acknowledgements
	Author Contributions
	References


